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For construction vehicle companies, reducing the noise from the cooling package unit 
has become an urgent task since the cooling package can generate 50 to 90 percent of the 
overall noise generated by the vehicle. The most effective means to develop noise control 
solutions is to incorporate the solutions at the early design stages of a vehicle development. 
However, currently, the noise prediction methods are not sufficiently accurate to design noise 
control solutions in the early design stages along side all the other constraints in the vehicle 
design. To include accurate predictions of noise at the early stage of the vehicle design, it is 
important to study the effects of different system factors on cooling package noise emission 
in the real working conditions. Throughout the thesis, the methodology to measure the 
cooling package noise generation under various condition combinations is designed, The 
existed cooling package noise prediction protocol were modified and verified based the 
measurement observation. Through statistical analysis methods, changes in the key segments 
of a cooling package were related to changes in the noise spectrum, air flow, and fan power. 
The significance of those relations is also provided, especially effects on the narrowband 
peak and overall broadband noise levels. Regressions model were also created to provide 
prediction models and to correlate the noise mechanisms to cooling package parameters. 
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CHAPTER 1. INTRODUCTION AND PROBLEM STATEMENT 
Construction equipment includes large scale vehicles, for example a hydraulic excavator 
which can dig, level, and load, Figure 1-1; a bulldozer which push mud and rocks, and level 
the ground; and a dump truck which used to carry a lot of soil and rocks. These vehicles are a 
vital part of the US and world economy. Companies that use these vehicles need them to 
perform well in a variety of environments and applications. Further, the companies operating 
these vehicles are always looking for improved performance, which constantly puts pressure 
on the vehicle manufacturer to improve their performance. The construction industry is also 
subject to world wide government regulations. These market and regulatory demands on the 
construction vehicle create large pressures on the design engineers. Designing the cooling 
package is one component of the vehicle that is currently an urgent concern for design 
engineers and is addressed in this thesis. 
Cooling Package Location 




In typical constructor equipment in the US market, the cooling package includes a 
cooling fan installed in a shroud that pulls or pushes air through radiators. As shown in 
Figure 1-2, the cooling fan pulls air through the radiators and them the air flow leaving the 
fan impacts the engine block. The air flow is greatly impacted by the engine block so it is 
considered as a part of the cooling system. The incoming air is guided by the shaped shroud 
and flows out through the outlet located below the engine block. 
In a typical constructor vehicle, about 50% to 90% of the vehicle noise is generated from 
the cooling package noise, therefore, reduction of the cooling package noise is the most 
efficient way of reducing the overall noise generated by the vehicle and one of the most 
urgent tasks for the construction equipment industry. 
hrou~ 
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(B) Turbulent flow through 
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Figure 1-2 Schematic of the cooling package with potential noise source. 
~ it 
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Two main forces are dominated the design procedures of the cooling package on 
construction vehicles. One is the demand for more powerful construction equipment, because 
using more powerful equipments can increase the efficiency of construction jobs and lower 
the cost in the work. Lower cost can result in higher profits to the construction company if 
the price for each project keeps stable. This increasing demand results in the increasing needs 
of more powerful engines. Also, from the prospective of the cost reduction, people are 
looking for more compact machines, which in turn restrict the space that design engineers 
can use for the cooling package. Secondly, the government is enforcing regulations to reduce 
the noxious gas emission of the equipment which is typically done by making the engine run 
hotter than the current designs. Unfortunately these two situations inevitably bring the 
side-effect that more heat is generated by the engine so the cooling package must remove 
more heat in the same or less space. Due to these reasons, the requirement for more effective 
engine cooling solution is very urgent. 
In some markets, for example the European Union, there are very rigorous regulations on 
construction equipment noise levels, so this will restrict some products from entering these 
markets. Even in the US market, the operator hearing comfort is considered more and more 
important as a health issue. 
Furthermore, to speed up the design process and save cost, construction equipment 
manufacturers plan to replace the current design process that includes constructing several 
real prototypes for every design project, with a generic virtual prototype which can be easily 
modified and adopted to different design conditions. These virtual prototypes must accurately 
predict the noise level given the parameters of the designs for example fan type, radiator, 
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shroud distance, and engine shape alone with the required working conditions defined by the 
cooling requirements 
With typical design methods, engineers who use simplified modeling techniques or 
guidelines to design a cooling package will often choose to increase the fan speed to increase 
the cooling performance. However the noise can increase from the 5th to 8th power with fan 
speed, thus dramatically increasing the cooling package noise. With such design practices 
with such design practice it is very difficult to reduce noise while also increase cooling 
performance. The most effective design practice would include an optimization of both the 
cooling performance and noise level at the initial stage of the design. However, cooling 
package performance and noise can not be adequately predicted at the early stage of the 
design. These tight restrictions on the cooling system design and inadequate models are 
fueling research into better understanding cooling package noise and performance so that 
quite and well performing cooling package can be designed. The purpose of thesis is to 
contribute to the capability of modeling cooling package noise and performance. 
1.2 Literature Review of Noise Prediction 
From the history of fan noise studies, the noise generated from an engine cooling 
package can be divided into two main categories: blade passing tone noise and broadband 
noise. Blade passing tone noise results from a periodic interaction between the air inflow and 
the fan blades and the periodic interaction of the fan wakes and the up stream radiator or the 
down stream engine surfaces and edges. Broadband noise is generated by the random 
aerodynamic interaction between the fan and the airflow. 
The first study of rotating machines in the aspect of noise generation can be traced to 
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Gutin[1]. His research is base on a two-blade propeller model, and the study shows that the 
noise is generated by the surrounding air that is excited by distributed forces on the propeller 
blade surface. The forces are modeled as acoustic dipoles. This discovery is well accepted by 
most of the researcher after that. 
Lighthill[2] [3] introduced an important theory, which adds non-linear aerodynamic 
features into the linear acoustics theory. This is the well-known power law that scales the 
sound power to the free stream speed where the power is between 4 and 8, depending on the 
different flow conditions. Then Sharland[4] described the main sources of noise in an axial 
flow fan through an analytical and empirical approach. His research shows that the axial fan 
noise includes the dipole-like broadband noise and tone noise that appears at the range of the 
blade passage frequency and its harmonics. The broadband noise is generated from the vortex 
shedding on the blade, and the large-scale turbulence ahead of the fan will significantly 
increase the noise level. But the differential formulas he used are complicated and the 
parameters that Sharland used are not measurable for engineers, so these formulas are not 
applicable to calculating an accurate estimate of the fan noise. 
Fukano, Kodama and Senoo[5] created a practical turbulence noise generation formula 
based on a simple physical model, which includes the typical parameters available in a fan 
design process: the number of blades, chord length, blade shape, and wake width. 
In the experimental fan noise research, there are two main laboratory methods to 
measure the fan noise level during the past years: the semi- reverberant room method and the 
in-duct method. The semi- reverberant room method requires the fan to be installed at one 
end of a test duct, with the other end being an open inlet or/and an open outlet. The 
measurement is performed in asemi-reverberant room. The in-duct measurement is made in 
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a special duct ended with an anechoic termination. These measurement standards exclude the 
impacts of the environmental factors and the different flow conditions. Instead of considering 
the real working condition of an axial flow fan system, these methods focus on the fan alone. 
Up till now, most of the experimental data that the manufacturer is using to design a fan 
cooling system are measures based on these two standards. 
In the industry where the fan noise level is concerned, the specific sound power is 
usually used to compare the noise level of different fans. The specific sound power level is 
the sound power level generated by the fan operating under the flow rate of 1 m^3/s and 1 
kPa of pressure. 
The book "Fan Engineering" [6] by Buffalo Forge Company presents a generally used 
formula for fan design that describes the relationship between the overall sound power of fan 
A, LWa, to another fan, LWb, through the scale ratio of the fan diameter, speed and air density. 
Lµa = Lµb + 701og(Da/Db) + SOlog(Na/Nb) + 201og((Pa~Pb) ) 
where, the diameter of f an A i s Da, the diameter of f an B i s Db, the speed of f an A i s Na, the 
speed of fan B is Nb, the air density of fan A is pa and the air density of fan B is pb . 
Equation (1-1) describes the relationship between the overall sound power LW of two separate 
fans (a and b) chosen from the same family through the scale ratio of their fan diameter D, 
fan speed N and fan density p .But the coefficients in front of the logarithm, 70, 50 and 20 in 
Equation (1-1) have been proved to be not accurate for all conditions. For some specific 
cases a error of more than 2 dB may occur. This is an error on the order of a noise change 
that would justify a design change. 
Graham[7] gave a relatively simple method to predict the broadband fan noise sound 
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power level, 
LW=KW + 101og(Q) + 20 log(0 PS) +BFI +Cn (1-2) 
where LW is the sound power level in dB, KW is specific sound power level on the type of the 
fan, Q is volume flow rate in CFM, P is the total pressure in inches of water, BFI is the blade 
passing increment which is used to correction the tone noise generates by the blade passing 
frequency, and Cn accounts for the effect if the fan is not operating in its optimum flow point. 
The value for Cn is suppose to be increase if the fan is off its optimum point and is closely 
effect by the efficiency of the running fan. 
Wright[8] extended Graham's and introduced a nondimensional specific fan diameter Ds 
and specific fan speed NS, 
Q1/2 
NS — 3/a 
(OpT ~ p) 
(APT ~P)
iia
DS - Q~~2 
where Q is the volume flow rate in cubic meter per second, OpT is the total pressure rise in 
Pa, and pis the flow density in kg/m3. Through curve fitting, measured data of 36 axial-flow 





DS _< 1.8 
DS > 1.8 
(1-5) 
(1-6) 
K W = 72/D0'8 for 1.05 _< DS <_ 1.90 (1-7) 
Thus the Graham's model is modified so that it can be used to predict the fan performance 
and sound power if the flow rate and total pressure is given. But Wright also found that if the 
8 
fan is installed with an inlet guide vane the overall sound power will increase about 12 dB 
and therefore the equation for K W is change to K W = 84/D0'8 in order to reflect this impact 
in curve fitting. 
In fan design procedures, the total pressure rise of a specific fan is given by the fan 
manufacturer and is measured in awell-designed smooth duct system as shown in Figure 1-3 . 
But the real working condition of a cooling fan system is far different from the smooth duct 
system, Figure 1-2. Especially with the appearance of an upstream radiator, shroud and 
downstream engine block, the pressure distribution on both sides of the fan in the real 
application will be dramatically different from the ideal measurement. After discussion with 
engineers and technicians at an OEM and fan supplier, it is clear that there is still no effective 
and satisfying method to measure the total pressure rise through a fan under actual working 
conditions. Based on that reason, many researchers have worked to include the 
environmental factors to the experimental model. 
piiilet ~ ~ ~~►ut1~t 
~hitlet x Fri 
Figure 1-3 Demonstration of the channel used to test pressure rise. 
Neise, et al. [9] measured the sound power of an axial-flow fan in free field condition 
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which more accurately represents the real working conditions of a fan system and then 
compared the result with the in-duct measurement. The authors explained the differences of 
the sound power level measurements between the two methods by introducing four 
environmental correction factors to the in-duct model method. 
In a recent study, researchers have chosen the approach of combining the analytical and 
empirical methods. Wu et al. [ 10] created asemi-empirical formula to predict the free field 
sound power spectrum of axial flow fans. It assumes that the airflow passing through the 
axial fan is symmetric and excludes the effect of the upstream radiator, shroud, and the down 
stream engine block, which makes the flow turbulent. The sound power formula for 
broadband and narrow band is developed on the assumption that only the fluctuating pressure 
exerted on the air media by the fan blade surface generates the sound pressure. Further more 
the noise spectrum is expressed by a Fourier series. The predicted result is compared with the 
actual axial flow fan measured under several working conditions. From the result, the 
broadband noise dominates at high frequencies and the calculated overall sound power level 
well matches the measured value from free field running axial flow fan. However, the 
formula can not predict the sound power accurately at specific frequencies, especially where 
the tone noise dominates the noise level in low frequencies. 
Based on the model, Wu et al. [ 11 ] extended the formula to include the cooling fan 
assemblies combined with shrouds, radiators and engine blocks. These elements and a fan are 
enclosure in a sealed case with the back wall of the wooden case representing the engine 
block. To represent these impacts on the noise spectrum, the authors introducing three factors 
to the formula to simplify these effects. These three factors are calculated from several 
approximated shape functions that are obtained from curve fitting actual measured fan noise 
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spectra with the fan running in different working conditions. This modified formula can be 
used to develop a model to predict the overall sound power level of a cooling fan assembly in 
industry, and is compared with the actual measured data of fan systems under different 
working conditions. The comparison is favorable and is also proven by the widely used fan 
law. But the author assumes the impact of the shroud is to generate unsteady fluctuating 
forces, thus limiting the consequence of installing a shroud to generate narrow band tone 
noise. The appearance of the radiator will increase the inflow turbulence and raise the 
broadband noise level. Also the authors simplifies the impact of adding an engine block to 
the static pressure drop increment, thus the installation of an engine will only amplify the 
magnitude of the sound power level. In the actual measurement design, the author substitutes 
the actual engine block with a rigid back wall to represent the obvious pressure raise in the 
wooden-framed box. This will weaken the effect of the shape, location and thickness of the 
engine block on the airflow and eliminated narrow band tone noise generated by the 
interaction among the cooling fan, shroud and engine and vortex shedding form the engine 
edges. Though the formula can be calculated, desirable results of the overall sound power 
level of cooling fan system noise, the modified model still cannot reflect the real situation of 
the combination of the engine cooling fan system and cannot provide the satisfying spectrum 
profile details for the goals of engineering design. 
1.3 Typical Engineering Practice 
This section will briefly outline the common engineering practices to design a 
cooling package and provide the outline of the work performed by this thesis. 
A large amount of research has been done on predicting the overall noise from fan 
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running alone by combining experimental data and aerodynamics theory. Fan performance 
and noise level can be predicted based on fan laws. For a family of geometrically similar fans 
with different sizes and running speeds, the performance curves are similar and at the 
equivalent point of rating, the efficiency is equivalent. 
To achieve satisfactory performance of the total system, fan performance must be 
matched to the system resistance. This can be done by combining the fan performance curve 
and the system resistance curve as shown in Figure 1-4. The intersection of these two curves 
(point A) determines the operating conditions of the overall system. In this example, the fan 
must operate against a static pressure of 0.48 in. H2O (point B) while delivering an airflow 
rate of 3,900 CFM (point C) through the total system. For a given fan and system, there is 
always a unique set of operating conditions. Changing the fan and/or changing some other 
component of the system results in a new set of operating conditions. 
In order to apply the fan laws to predict fan noise, it is necessary to have the 
experimental data of the fan performance curve, speed and size, the system resistance, and 
the sound power of specific fan type in the family. 
This typical power model of predicting fan noise will generate two major problems. 
First, to predict the noise level of a fan, it is not enough to only predict the overall noise level 
of a cooling fan because the cooling fan noise consists of tone noise and broadband noise, 
and each is generated by different mechanisms. So besides predicting the overall sound noise 
level, it is also important to predict the spectrum of a cooling fan. The general method of 
using fan laws to predict similar cooling fan noise spectrum of a geometrically identical fan 
family is very limited, which requires the equivalent corresponding frequency and fan speed 
of two fans. 
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Figure 1-4 Fan performance and system resistance curves that are typical for one fan in a 
duct.. 
Second, the specific fan performance curve and the system impedance curve are 
measured under an ideal experiment condition, which only includes the fan and the shroud. 
But the real working condition of a cooling fan system is far more complicated than the 
idealized experiment conditions, so the actual noise level and the noise spectrum measured 
will be quite different under the real working conditions. Compared to the real working 
condition, four major sources of the cooling fan noise are neglected under the ideal 
experiment condition. First, the upstream radiator will generate inflow turbulence; this will 
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increase the broadband noise. Second, the upstream radiator or inlet restriction and the 
downstream engine block will add flow restriction to the system, decrease the flow rate and 
raise the pressure drop across the cooling, therefore change the noise level. Third, the radiator, 
the shroud and the engine block will generate unsteady flow and vortex flow; the interaction 
with the fan blade and vortex flow will increase the tone noise. Fourth, the engine cover and 
the cooling system shielding will prevent the noise from spreading out and decrease the noise 
level. Until now, these are no generic methods to predict noise levels given the real working 
conditions and design layout. Therefore methods of estimating fan noise by using power 
model based on fan laws needs new modification added to the theory to include the assembly 
installation and the actual condition to the protocol. 
1.4 Thesis Problem Definition 
The goal of the research described in this thesis is using well-designed experiments to 
study corresponding changes of the noise level, flow rate, and power change of a fan under 
different working conditions which are the combinations of system factors such as radiators, 
inlet restrictions, shrouds, fan types and the engine block. B y including these factors, the 
experiment will more precisely reflect the gradual changes of actual working condition in the 
fan system. Through analysis and comparison of these factors' effects on the experiment 
results, expansions and corrections to the existed in-duct or simple free field fan noise models 
can be developed and thus a better method of predicting noise generation can be obtained. 
By the statistical approach of the study, it is also expected that those factors that have 
significant influence on the system will be identified and can thus be considered as important 
elements in the system design process; likewise, those that are not significant can be given 
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less attention or even neglected. 





Design the methodology to measure the cooling package noise generation. 
Modify and verify the existed cooling package noise prediction protocol. 
Determine the relative changes in the noise spectrum resulting from 
changing the key design parameters of a cooling package. Changes of the 
narrowband peak and overall broadband noise. level will be observed. 
Correlate the noise mechanism to the cooling package parameters. 
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CHAPTER 2. EXPERIMENT SETUPAND DATA PROCESS 
This chapter will describe the setup for all the experimental work and the data processing 
that was done to produce the system response variables that were used in the statistical 
analysis. The statistical analysis will be decided in a separate Chapter 3. 
2.1 Experiment Setup 
A typical cooling package includes radiators, a fan, a shroud and an engine block. The 
purpose of the lab setup was to mimic the real working conditions of a cooling package and 
represent relevant key elements of acooling-engine combined system. Further, it was 
important to develop an experimental setup that allowed relatively quick changes in the 
desired parameters so that a large set of conditions could be efficiently studied. A significant 
amount of time was spent designing the experimental setup for efficient and effective 
experiments. 
2.1.1 Components of the test setup 
The experiment layout of the research as shown in Figure 2-1 is located in an anechoic 
chamber. The main body includes the following two major components: the engine enclosure 
and the motor enclosure. 
The engine enclosure simulates a dimensional structure of the cooling package in a John 
Deere 3 l OG construction vehicle, Figure 2-1. The outside air is pulled into the vehicle by a 
cooling fan. The incoming air passed through the radiator and turns into an unsteady 
turbulent flow. Then the air is guided by the shroud and flows across the fan blades. The air 
then passes the engine block; taking away the heat generated from the engine and finally 
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flowing out through the outlet in the bottom of the vehicle. The engine enclosure has an open 
air-inlet in the front with a stack of three different radiators. These radiators are typical 
products used in a construction vehicle. A shroud is attached on the back of the radiators. 
An industry used cooling fan used on the 310G cooling package is mounted fully 
submerged in the shroud, driven by a long rotating shaft. The mount was designed so that the 
fan can be easily changed. The shaft went through the engine block and the back wall of the 
engine enclosure. A motor drives the shaft through belt transmission. The belt is driven by a 
Baldor 10 horsepower AC motor. The speed of the motor is controlled by a Baldor motor 
controller. 
Two types of shrouds are used in this research to study the impact of the shroud shape on 
the system. One is a plastic contour shaped shroud that is supplied with the 310G tractor and 
the other shroud, a box shroud is designed by the researcher as a representation of a typical 
shroud. The box shroud is a transparent 27.75" x 23" x 6" box shape shroud constructed with 








Figure 2-1 Picture of lab setup in the acoustics chamber. 
The downstream engine block as shown in Figure 2-2, is a simplified and idealized mock 
engine designed to reflect the structure characteristics of an actual engine located in the 310G 
construction vehicle. The actual structure of the engine is very complicated with 
accumulators, belts, valves, gears and pipes. It is difficult and unnecessary to build a mock 
engine identical to the original design. Since our study will be focused on the effects of 
dimensional parameters like distance, locations and thickness, the mock engine design is 
simplified only to represent the front view dimensional characters of an actual 310G engine. 
Additional complex details are excluded here. 
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Figure 2-2 Mock engine of the experiment. 
The mock engine consisted of basic shapes: cubes, cylinders, and triangles. It is made of 
3/4 inch MDF particle broad. The mock engine had a 1.5 inch thick symmetricly shaped face 
panel and an 8 inch x 24 inch x 5 inch dimension cube attached on the back of the face panel. 
To simulate the real engine block add-ons, such as pulleys or accumulator, a 6.5 inch 
diameter round disk is located on the face panel. The mock engine is designed so that the 
distance from the surface of the engine to the fan and the location of the pulley can be 
adjusted. 
In order to obtain varied flow regime of the fan system, a flow inlet restriction is 
mounted to the surface of the first radiator. The inlet restriction can add more flow resistance 
to the system. The inlet restriction is made of 18 gage perforated steel with 0.625" diameter 
holes, that represent a 30% open area as shown in Figure 2-3. All gaps are sealed so that air 
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can only flow in through the inlet restriction and stacked radiators then flows out through the 
outlet in the bottom. 
Figure2-3 Perforated steel inlet restriction installed on the radiator to add restriction to the 
system 
The outlet lies in the bottom of the engine enclosure that is made of 3/4" MDF broad. 
Referring to the button outlet design (percentage open area and orifice shape) of a typical 
construction vehicle 310G, the outlet of the engine enclosure also has 46% open area and has 
four rectangular shaped orifices. The mock engine block is support by the bottom board. 
The main frame structure of the engine enclosure constructed from 1.5" by 1.5" wood 
pieces. The right and left sides of the enclosure are 40" by 31" half inch Plexiglas broads and 
the top is a 40" by 40" half inch Plexiglas board. Since the running cooling fan will 
significantly increase the inside air pressure, a calculation was made to ensure that the 
Plexiglas broad would deflect within a safe range under normal working condition. The back 
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piece of the engine enclosure is a 3/4" 1VIDF broad and the driving shaft extended through its 
center. 
Though this research is focused on the cooling package noise, the driving motor will 
generate additional noise. The motor noise is not considered in the scope of the project and 
the high noise levels from the motor will influence the analysis of the cooling package noise. 
So a motor enclosure was constructed to isolate the motor noise from the experiment layout. 
The motor enclosure is made up of a two-layer wood enclosure with sound-absorbing 
fiberglass covering the inside of the broad. The bottoms of both enclosures are open to the 
ground. The anechoic materials on the chamber ground absorb noise emitting through the 
bottom. A favorable noise isolation result is reached by this design. At least 10 dB difference 
exits between noise levels generated from the motor running alone and the noise levels 
generated from the rotating fan driven by the motor plus the motor noise. 
Both the engine enclosure and motor enclosure is supported separately by the steel 
unistrut that extends to the very bottom of the chamber. The chamber bottom is stable and 
rigid. Further the two enclosures are detached and supported separately so that the vibration 
of one enclosure will have minimal impact on the other. Through this design the vibration of 
the enclosure is decreased to a minimum level. 
2.1.2 Selecting experiment factors 
Throughout the research, many measurements have been taken to evaluate the impact of 
different system variables on the noise generated by the cooling fan system. Since the 
complexity of the flow profile and noise level radiated from the cooling package is 
influenced by many structural components and the interaction between these components, it 
is important to choose the best representative and controllable parameters from the system to 
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best meet the study goals and as well as to simplify the experiment model. 
From previous research, the main sources of the noise in the cooling system includes air 
flow rates, fan noise, the turbulence flow generated by air flowing through radiators, the 
vortex shedding fan blades surface and airflow-engine interaction. On the other hand, from 
the aspect of the industry cooling package design process, the cooling effect depends on the 
variables such as the airflow rate, the inlet and outlet open area and the pressure drop. For 
engineers, the cooling package design process is a trade-off between noise level and cooling 
effect. It is favorable for them to find an operation point while keeping the noise below 
certain levels while meeting the cooling requirements. For a specific cooling requirement, a 
certain airflow rate needs to be obtained. 
According to the above reasons, variables shown in Table 2-1 were chosen to study their 
influence on both the noise reduction and the cooling effects. Also these variables were 
chosen since they were critical and controllable in the design process. This was determined 
by discussion with engineers who design the cooling system. 
Table 2-1 List of the factors under study in the experiment 
Factor Range 
Fan Type A or Type B 
Inlet air flow control With Inlet Restriction or Without Inlet Restriction 
Shroud type Contour Shroud or Box Shroud 
Fan rotating speed 1000, 1400, 1700 or 2100 RPM 
Distance from the surface of 
the mock engine to the fan 
hub 
1.5 " or 3 " 
Thickness of the round pulley From 0 to 3.5" 
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The fan type, shroud and inlet airflow control are usually determined by third party 
manufacturers before the whole system is designed. Construction vehicle manufacturers can 
choose different combination of a fan and shroud to meet their requirement. Distance and the 
thickness of the round pulley represent flexibility of the vehicle inside layout. By studying 
these two factors, recommendations can be given to engineers on how to locate the engine 
block from the perspective of noise reduction. 
Fan speed is the most important parameter to control the airflow rate. Typically, 
increasing the fan speed is the only way to meet the higher cooing requirements while 
keeping the existed system designs. This will inevitably increase the noise level in the mean 
time, and make the noise control situation even worse. By studying the fan speed's effect on 
the system, the choice of an adequate fan speed can be included in the whole system design 
process. 
Two types of multi-blade axial fans are used in the experiment: type A and type B, 
Figure 2-4. Fan A is a seven blade fan; Type B is a six blade fan. Both fans have a of 20 
inches diameter. Basic fan performance curve are provided by the fan manufacturer. 
According to fan laws, the flow rate of a specific fan will be proportional to the fan 
running speed. Since the fan speed variable will greatly determine the total run number of the 
experiment, the range and number of fan speed used in the experiment must be limited. The 
typical operating range of fans is between 1000 RPM to 2500 RPM. However, since the 
range of the AC motor is limited to 2150-2200 RPM, 2100 RPM was set as the upper limit 
and 1000 RPM as the lower limit. To achieve a reasonable run number and also to study up to 
third order of the speed's effect on the measured response, two additional speeds between 
1000 RPM and 2100 RPM were selected. Therefore, the fan rotating speed had four values: 
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1000 RPM 1400 RPM 1700 RPM 2100 RPM 
Fan A (Seven Blades) Fan B 
Figure 2-4 Fan type A and B used in the experiments. 
The shroud variable includes two conditions: A contour shape plastic shroud, and a box 
shape Plexiglas shroud, Figure 2-5. The contour shape shroud is originally used in a 
construction vehicle, while the box shape shroud is design by the researcher. 
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Figure 2-5 Types of two shrouds, contour and boxing. 
The inlet restriction condition can be either with an inlet restriction (a 30% open area 
perforated steel plate is cover on the front surface of the radiator) or without inlet restriction 
(the radiator is open to the outside air). The inlet restriction was used in hopes that it would 
change the flow region of the fan system. 
The mock engine block downstream is built in the similar shape and dimension of a real 
engine in a vehicle. The location of the mock engine will change the inner pressure drop and 
characteristic of the turbulent flow. The distance from the surface of the mock engine to the 
center of the fan was set as an experiment variable, Figure 2-6. From a design drawing 
provided by the cooling system engineer, the distance was set to be 1.5" on the facts that the 
space left for the cooling package is quite limited, to large of a distance will take too much 
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space in the vehicle design and become uneconomical to the manufacture. After discussion, 3 
inches was chosen as another valve for the distance from the surface of the mock engine to 
the center of the fan. Thus the distance can be chosen as either 1.5 inch or 3 inch. 
IVlack 
En ~i n 
Black 
Figure 2-6 Location of parts of the system. 
A 6.5 inch diameter round thick disk will be attached on the lower front of the mock 
engine surface. The pulley will represent the convex features of a real engine. In order to see 
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the impact of thickness to the noise generated, the pulle~~ thickness is set be an experiment 
variable with value between 0 inch to 2.5 inch, Figure 2-7 
Figure 2-7 Different pulley thickness used in the experiment. 
These six variables and their higher order interaction will bring a huge combination of 
test condition. It is impossible to finish all these combination, so the experiment was 
separated into two different blocks. One block focused on the effect of the mock engine 
distance and pulley size on the cooling fan system noise. The other block focused on the 
effect of the contribution of the different fan type, shroud and flow regime to the fan noise 
level. In both blocks the fan speed is included as an experiment variable. 
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2.2 Experiment Response Factor 
Three response factors were measured during the experiment 
1. The sound noise level, 
2. Air inflow rate through the radiator 
3. Shaft power need to drive the fan 
Each will be described along with the measurement and data processing techniques that 
were used for each. 
2.2.1 Sound power spectrum 
The sound power spectrum is measure by two half inch ACO Pacific microphones at four 
separate locations. They are 1.5 m to the left and right of the center of the fan hub and 1.5 m 
in front of and above the fan hub center. The locations at the front and right are one set and 
are measured at the same time, their microphones were moved to the top and left for another 
set. 
The signals from the two microphones were input to Stanford Research System SR640 
Dual channel Low-Pass filter set to a 12000 Hz cutoff. The filter is needed as an anti-aliasing 
filter and an amplifier. The signal was then input to a National Instrument data acquisition 
card installed in a computer. A Labview program running on the PC records the sound 
pressure spectrum at a 24000 Hz sampling rate. 
For each measurement, 50 samples were averaged. A Matlab program was used to 
average the squared pressure from the four locations. The average sound pressure level was 
used to approximate sound power, however, the measurement area was not included in the 
calculation. From the spectrum the octave sound power levels and A-Weighted octave sound 
power levels are calculated. 
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2.2.2 Volume flow rate 
The inlet flow rate was measured by an AIRFLOW TA45 Digital velocity meter, Figure 
2-8. The velocity meter can measure the airflow speed at a specific point in ftlmin. The air 
inlet surface is divided into grid areas. Under the assumption that the flow speed was 
constant within the small grid area, the volume flow rate was calculated by the flow speed 
value at the center of the area times the area. 
The air inlet surface was a 75 inch by 64.5 inch rectangle. The original grid design was a 
11 by 11 point grid, so the horizontal width between grid points is 7.5 inch and the 
longitudinal width was 6.45 inch. This grid required that a total of 121 points were measured. 
When reading the value of flow speed (F) at one point, the reading fluctuated in a range. 
So when recording the flow speed, the maximum Finax and minimum Fin values of each 
fluctuating cycle were recorded. The flow speed of the point was calculated by averaging the 
two values. Therefore the volume flow rate at each grid area is given by 
F = 
~ Finax + Fmin ~ ~ 7.5.6.45 ~ 
~ 2 ~~ 144 i
(cry) (2-1) 








Figure 2-8 Experimental setups for air flow measurement. 
Five trials measurements, as shown in Table 2-2, were taken under the condition 
combination of the fan speed at 1700 RPM, with the mock engine located 1.5 inch from the 
fan hub surface and with a 0.75 inch thickness pulley. 
Table 2-2 Result of 5 trial flow rate measurement 







Standard deviation 24 
Compared to the mean value, the standard deviation is very small (1%), so it was 
30 
decided that the total number of the measurement points could be decreased to reduce the 
measurement time. Figure 2-9 shows the flow mean velocity profile of one trial measurement. 
The radius of each circle is proportional to the magnitude of the velocity at the measurement 
point. The thin lines represent the outline of the radiator, fan and mock engine block. There 
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Figure 2-9 Example of the mean air flow velocity profile across the surface of radiator 
under the condition of seven blade fan and contour shroud. 
Through calculating the volume flow rate by each column or line, analysis can be made 
to decrease the required number of measurement points. Figures 2-10 and 2-11 show the 
31 
volume flow rate at each column and line of all five trial tests. Line 1 is at the top location of 
the inlet air surface, line 11 is at the bottom, column 1 is at the very left of the surface, and 
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Figure 2-11 Flow rate calculated by each column at five test measurements. 
Figure 2-10 and 2-ll, indicate that the volume flow rate at each line decreases from top 
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to bottom, while the volume flow rate from column 3 to 9 is comparatively constant. Using 
standard ANOVA analysis, the flow rates from each column were compared, Table 2-3, the 
column numbers assigned with the same letters are not significantly different within the 
group. For example, column 1 and 11 are both assigned with letter C, so within the group of 
five measurements 11 and 1 are not significantly different. From these results one can see 
that columns from 3 to 9 are not significantly different. So we can exclude some columns in 
this range. Base on that, in the new flow measurement process, it was decided to only 
measure the flow rate at column number 1,2,3,5,7,9,10,11. 
Table 2-3 Statistical analysis of total flow rate through each column on face panel 
Column 
Number Mean CFM 
8 A 393 
7 A 392 
9 A 388 
5 A 384 
4 A 383 
6 A 382 
3 A 372 
10 B 313 
2 B 301 
11 C 82 
1 C 78 
From the flow profile Figure 2-9, the flow speed at the edge column is very small 
compared with the inner column point. In order to decrease the total measurement number, 
three points from the edge column are picked and the average flow speed of these three 
points is assigned the average flow speed for all the points on the edge column 1 and 11. The 
points at line 3, 7, 10 are selected. The total measurement points with the new measurement 
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schemed is 61 points, about 50% of the original design. 
The volume flow rate result using the new method but previous flow speed data is given 
in Table 2-4 and Figure 2-12. The standard deviation is greater than the method with more 
points, but the standard deviation is still very small compared to the average volume flow 
rate (less than 2%). Therefore the 61 point measurement was chosen for all flow rate 
measurements. By statistical analysis, the flow rate result calculated by the old and new 
method is not significantly different under 90% confidence. Further, discussion with the 
manufacture verifies a change of volume flow rate less than 3-4 % is not an important change, 
and can be neglected. 
Table 2-4 Statistical character of the total flow rate result of five trial measurements 
Test Trial Number Flow Rate CFM Using 60 Flow Rate CFM Using 121 Points In Reduced Grid Points Grid 
1 3414 3457 
2 3474 3450 
3 3492 3486 
4 3529 3497 
5 3443 3442 
average 3470 3467 
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Figure 2-12 Percentage change of flow rate measurement using modified methods compared 
to the original method. 
2.2.3 Fan power input 
The current (I) in amps and voltage (U) in volts that is input to the motor can be read 





where the value 746 converts the result to horsepower. In order to determine the power 
consumed by the fan, one must also know the power consumed by the shaft, pulley and 
leaves. By making a measurement of the power without the fan, the power consumed by the 
shaft, pulley and leaves was estimated. Subtracting this from the power measured with each 
complete system, the power consumed by the fan was estimated. 
Power fan =Power (running with fan) — Power (running without fan) (2-3) 
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2.3 Separating Tone and Broadband from the Noise Spectrum 
The resulting sound pressure spectrum consists of broadband noise, which is noise with 
components over a wide range of frequencies and narrowband tone peaks. Figure 2-13 shows 
an example of sound pressure spectrum of one measurement. This measurement is taken 
under the condition that a cooling package is installed with a six blade fan in a contour 
shroud running at 2100 RPM and mock engine located downstream. As noted in Figure 2-13, 
the cooling package noise is characterized by broadband noise and the tone of the blade 
passing frequency and its harmonics. 
1000 2000 3000 4000 5000 6000 7000 8000 
Frequency Hz 
Figure 2-13 Example of a measured spectrum. 
Figure 2-14 shows an expanded view of the 0 to 3000 Hz range spectrum presented in 
Figure 2-13. The fundamental, typically called the blade passing frequency, BPF, is 




For the fan in this case, the BPF is 6*2100/60 = 210 Hz corresponding to the BPF peak 
indicated in Figure 2-13 . The phenomenon of tone noise can be more easily identified from 
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Figure 2-14 A Sample of Blade Passing Frequency. 
2500 3000 
The measured blade passing frequency (BPF) tone peak is at 207 Hz in Figure 2-14, the 
result of the blade rotating in 2100 RPM or this represents the resolution of the spectrum. In 
ether case these results are reasonably consistent for the system. In addition to the BPF, there 
are also peak at 421 Hz, 628 Hz and 1049 Hz. There are harmonics of the BPF. Giving N to 
be the ratio of tone peak frequency to the BPF, it is easier to correlate the tone noise to the 
characteristic of the system (fan running speed and blade number). Table 2-5 shows the 
frequency of the tone noise and the corresponding N value related to this center frequency. 
From the data, a significant integer ratio between cooling package tone noise and BPF is 
seen. 
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Table 2-5 Center of peak frequencies and corresponding n 















Since the sound pressure spectrum consists of broadband and tone noise and the 
generation mechanism are different, it is favorable to study them separately. A Matlab 
program was therefore developed to separate the tone and broadband noise from the spectrum. 
The key function of the program was to go through the whole spectrum and check whether 
there is a dramatically increase in the sound pressure at a frequency compared to neighboring 
frequencies in the spectrum, thus identified the tone noise. If the answer was yes, a small 
peak frequency range was taken out from the spectrum, and the separation points were 
smoothly connected by a linear interpolation method. After all the tone noise peaks were 
removed the broadband noise spectrum is established. 
Figure 2-15 and 2-16 shows the result of this separation program. The original power 
spectrum is show in Figure 2-13, the processed broadband noise spectrum is given in Figure 
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Figure 2-16 Tone noise for the spectrum shown in Figure 2-13. 
4000 
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By separating the original sound pressure spectrum into a broadband and narrow-band 
noise spectrum, the study of cooling package can be more pertinent and comprehensive. Not 
only can the study focus on the effects of different system characteristic condition 
combinations on the overall sound pressure level, but also we can study its relationship to the 
narrowband peak level or overall broadband noise level. 
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CHAPTER 3. STATISTICAL DOE AND DATA ANALYSIS 
Design of Experiments (DOE) [12] is an important tool for engineers to plan and conduct 
experiment and then analyze tests result in an efficient and well organized way. The goal for 
DOE is to have a systematic and structured approach for experimentation so that each 
experiment delivers relevant information and excludes irrelevant information. DOE can be 
used for many purposes and it is a very general tool that can be used within all science and 
engineering areas where it is necessary to measure the outcome under a combination of 
conditions. The statistical methods in DOE were applied through out the experiment design 
and analysis of the experiment results presented in the thesis. 
This chapter describes the statistical experiment design and data analysis that was used 
in the research. Some details are left to reference sources, so only an overview of the design 
process and data analysis is shown in the form of example data. The complete results will be 
more thoroughly discussed in chapter 4. 
3.1 Full Factorial Experiment Design Theory and Procedures 
In engineering applications the so called factorial design method is one of the most 
widely used experiment design methods. In a factorial design, several factors are varied 
simultaneously according to a special experimental layout. There are several advantages with 
a factorial design compared to the comparably traditional and simple "changing one factor at 
a time" method. The two main advantages include: (1) the ability to detect and estimate 
interactions among the factors under study and (2) the ability to reduce the total number of 
experiments that are necessary to obtain useful information. 
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The full factorial design is an experiment design with all possible combinations of 
condition factors. It can be used to study two or more factors with any possible single or 
combination effect in the observation spaces. It allows one to minimize the total number of 
runs in an experiment and analysis of the results provides identification of the significant 
effect of each factor and their interactions. But if the total number of runs required for a 
complete experiment design exceeds the available time, resources, and cost, fractional 
factorial experiment designs method can be another choice. In a fractional factorial 
experiment design, certain high-order interactions are assumed negligible. Only information 
on the main effects and low-order interactions can be obtained by running a fraction of the 
complete factorial experiment. Since the total number of runs of a factorial design increases 
dramatically with the increased number of factors number, the fractional factorial experiment 
design method can be adopted to decrease the total number of runs and therefore required 
time and resources. 
In the study of fan noise described in this thesis, it was first assumed that, no interactions 
among factors and high-order effects of single factors can be considered negligible before 
initial experiments are performed to determine if interactions can be ignored. Therefore, the 
factors under study were limited so that the total number of runs needed for full factorial 
design is acceptable in terms of the time needed to implement the experiment. Therefore, a 
full factorial experiment design was adopted throughout the research. Future experiments can 
use the results of these experiments to develop fractional experiment designs. 
The experiments were designed using a software package called JMP 5 from SAS 
Institution Inc. Developing the full factorial experiment design consists of the following five 
steps: 
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1. Identify independent factors 
2. Assign the levels for each factor 
3. Define the dependent variables (response variables) 
4. Define all the treatment conditions 
5. Determine the number of replicates of each treatment 
Each of the steps will be explained in terms of an experiment design for this thesis 
1. Identify independent factors: The variables studied in the experiment were identified, 
for example fan speed (X1), fan type (X2) and shroud type (X3). These factors reflect the 
research interest and capacity of the test setup. 
2. Assign the levels for each factor: The levels for each factor were chosen using the 
following criteria: (A) the levels should be distinguished from each other and generate a 
significant and observable change in the response variable, (B) these levels should be 
controllable and achievable in the experiment, (C) the levels should be meaningful, thus 
representing an actual working condition and should represent a range of research interest, 
and (D) a given level should be repeatedly obtained throughout the experiment. 
For example, in an experiment for this thesis five levels for fan running speed were 
chosen: 1000 RPM, 1400 RPM, 1700 RPM, and 2100 RPM. The choice was based on several 
considerations. Atypical cooling fan under study usually operates at the speed around 1500 
to 2000 RPM. Also, in order to reach different flow regimes, the fan speed needed to be 
changed significantly. 
Finally the cost and time of increasing the factor levels should also be taken into account. 
Based on these requirements, four levels are chosen since a 400 RPM to 500 RPM change in 
the fan speed is enough to generate a significant flow change and the time and cost needed 
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for a four level design was acceptable and reasonable. Due to the limitation of the experiment 
equipment, the maximum speed that could be reached was 2100 RPM. On the other hand, in 
order to meet the cooling needs, an adequate flow rate should be achieved. To meet this need, 
1000 RPM is considered to be the base line and minimum requirement for fan speed since a 
speed less than 1000 RPM is considered too low to generate an adequate air flow. 
For a second factor, two levels were set for fan type: six blades and seven blades became 
those were the fans identified by the vehicle manufacturers for the final factor, the shroud had 
two levels: a box shroud and a contour shroud. In these cases there were only two allowable 
choices. 
3. Define the dependent variables (response variables): These are the measured values 
that are used to evaluate each condition. For example, the sound power level, the inlet flow 
rate, and the fan power were used in this work. 
4. Define all the treatment conditions: Each treatment condition is a combination of 
levels for each factor. For example, the contour shaped shroud with 6 fan blades, running at 
the speed of 2100 RPM. In a full factorial design, all possible combinations of the factors at 
all levels involved in the experiment are used. The total number of treatment is equal to the 
product of the number of levels of each factor. All single factor effects and interactions are 
investigated in the full factorial experiment design. As an example, considering an 
experiment that studies 3 factors: A, B and C, where factor A has three levels, Al and A2, 
factor B has two levels, B 1 and B2, factor C has two levels, C 1 and C2. The total number of 
treatments is 2 x 2 x 2 = 8, which are each listed in Table 3-1 
In the experiment design, the order that each treatment is tested is randomized to prevent 
bias errors. 
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Table 3-1 List of treatments of an experiment design 









Al B1 Cl 
A2 B2 Cl 
Al B2 C1 
A2 B1 Cl 
Al B1 C2 
A2 B2 C2 
Al B2 C2 
A2 B1 C2 
5. Determine the number of replicates (n) of each treatment: After testing the design of the 
treatments, the number of replicates of each treatment (n) needs to be determined. The value 
n specifies how many runs need to be performed for any single condition combination. 
In an experiment, if the mean value of two different treatments is different, there are two 
possible reasons: the difference is really cause by a different combination of conditions or the 
difference is caused by random errors in the experiment and measurement. The first reason is 
favorable for the experiment objective, and the second reason needs to be prevented. To 
prevent the second possibility, n needs to be determined before the experiment is performed. 
By calculating n, a difference in the mean value of two different treatments can be considered 
statistically different within certain confidence level. For example, for each treatment, the 
replicate is n. The average value of treatment 1 is U1; the average value of treatment 2 is U2. 
To compare U1 and U2, we have a hypothesis that states 
meaning that the mean value of U1 and U2 is really equal and the alternative hypothesis is 
U1 ~ U2, (3-2) 
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meaning that the mean value of U1 and U2 are really different. 
To determine the number of replicates that must be measured to choose a hypothesis, 
four steps needs to be considered: 
Choose an alpha risk (a): The alpha risk is the possibility of making a type I error, which 
occurs when a true hypothesis is rejected. This means Ul and U2 are really not different, but 
the tests conclude that they are different. 
Choose a beta risk (~3): The beta risk is the possibility of making a type II error, which 
occurs when a false hypothesis is accepted. This means there is difference between U1 and U2, 
but we think they are not different. 
Specify an amount of difference between U1  and U2 that is significant (d): This is based 
on the judgment of how accurate the result must be. For example, in the cooling package 
noise study, the engineers typically consider two conditions to be significantly different if 
they produce overall sound power levels that are different by more than 0.5 dB . A difference 
less than 0.5 dB is considered to be equivalent to no difference. Even for the same response 
variables, the value of the significant difference, d, may be different depending on the 
applications and research needs. 
Estimate the standard deviation of a single treatment in the experiment (s): Theoretically, 
when every treatment of an experiment has been performed and measured, s is calculated as 
the standard deviation from measured values of the same treatments. The standard deviation, 
s, is assumed independent of the treatment, so s is fixed for every treatment. But there may be 
no prior knowledge of an appropriate value for the standard deviation before the experiment 
is performed. So in developing an experiment design, s is estimated from the results of a 
preliminary experiment that only includes part of the treatments. In the preliminary 
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experiment, each treatment is repeated several times and the sequence of each treatment is 
randomized. The standard deviation for each treatment value is calculated and s is predicted 
as the maximum standard deviation from them. 
In this study, two far distinct treatments are chosen for the preliminary experiment. These 
two treatments were expected to generate an obvious mean value difference and it was 
believed that the mean value of them was actually different. Some basic knowledge of 
experiments with similar systems was used to make these decisions. 
Therefore, a trial experiment was performed consisted of two treatments. (Treatment 1) 
fan running at 2100 RPM with the mock engine present and (Treatment 2) fan running at 
1000 RPM with the mock engine removed. Each condition was measured three times with 
the order of the measurements randomized. The A-weighted sound pressure level was 
measured for each case. The results, in Table 3-2, show that these two treatments are different 
and generated different noise levels. 
Table 3-2 Result of trial experiment with two different treatments 
Run number Treatment 1 S PL dB A Treatment 2 S PL dB A 
1 77.2 62.4 
2 76.8 62.2 
3 77.1 62.5 
Average value 77 62.4 
Standard deviation (s) 0.2 0.2 
For the cooling package experiment, the values for a and (3 were set as: a = 0.10 (2 
sided); (3 = 0.10 (1 sided) which means the possibility of making Type I error is 10°10 and the 
possibility of making type II error is 10%. From the data in Table 3-2, the standard deviation 
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was estimated to be: s = 0.2 dBA. From talking to engineers at John Deere, a measurable 
difference that would be significant for design criteria was d = 0.5 dBA. The number of 
replicates can then be calculated [12], 
n= 




where to and tR are the critical values of the Student's t distribution, for a sample size n, and 
the a and ~i values. The student's t distribution values are given in Appendix A. From 
Equation (3-3), n, to and tR are interdependent. So n is calculated in an iterative process, 
shown with a flow chart in Figure 3-1. 
From the last step of Figure 3-1, the value n oscillated between 2 and 4, son = 3 was 
chosen, giving to = 2.353 tR = 1.638. If these to and tR values are put into Equation (3-3), n is 
equal to 3, son = 3 is considered the best choice. 
Generally speaking, determining n requires finding a balance between getting good data 
in the available time. If a comparably small a and R values are chosen, then the experiment 
will result in having more confidence in telling whether or not two mean values are different. 
But since the total number of runs of the experiment i s equal to the product of n and number 






to = 1.761 
to = 1.345 
from the new n 
Calculate 
n=2 
from Equation 3-1 
Get 
to = 1.645 




from Equation 3-1 
Get 
to = 2.132 
tR = 1.886 
for the new n 
Calculate 
n=2 
from Equation 3 -1 
Calculaten fromEquation3 -1 
n-[(1.645+ 1.282)* 0.2  120.5 J =1 
Get 
to = 6.413 
tR = 3.078 
from new n 
Calculate 
n=4 
from Equation 3 -1 
Get 
ta= 2.132 
t~ = 1.533 
for the new n 
Figure 3-1 Flow chart of the procedure for determining the number of replicates (n) for 
given values for s and d. 
3.2 Statistical Analysis Using ANOVA and Tukey's Honest Significant Difference 
After the measurements were performed, results from a full factorial experiment need to 
be analyzed; so that desired information could be pulled out of the data through a series of 
statistical analysis procedures. 
Factorial design methods can reveal information on single factor effects and the 
interactions between factors. Factor effects are the change in the response produced by a 
change in the independent factors. Interaction between the independent factors exists if the 
difference in the response between two levels of an independent factor is not the same for 
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different levels of another independent variable. The effect and interaction can explain the 
quantitative description of the condition effects. 
An empirical regression model used to predict the response surface can be created based 
on factor effects, interactions and the observed results. The predicted response, Yp, can be 
represented by sets of controllable experimental factors. An appropriate statistical tool to 
perform this task is "the analysis of variance" method, so called ANOVA. The regression 
model obtained through ANOVA can give the equation of a response as a function of the 
factors under study. The significance of each term in the regression equation can also be 
calculated through ANOVA. 
3.2.1 ANOVA and Tukey's Honest Significant Difference (HDS) 
The ANOVA test shows if at least two of the mean values in a group of mean values are 
significantly different from the others. But ANOVA cannot infer which pairs of the mean 
values are significantly different, so another method called multiple comparison needs to be 
adopted to compare the difference of each single pair. A typical multiple comparison method 
is Tukey's procedure [ 13] . Tukey's "honest significant difference" (HSD) can infer whether a 
pair of mean values is significantly different or not. 
For example: Yl , Y2 , Y3 , Y4 are four mean values from different treatments. For an alpha 
risk level, there is an honest significant difference (HSD) related to these means values. So if 
Y; - Y~ ~ > HSD holds, this means that Y; and Y~ are significantly different at level a. By using 
HSD, we can compare each pair of the mean values from different treatments. The formula 





where MSW is the mean square within groups and qa is the percentiles of the Studentized 
Range, which is depended on the total number of observations, N, and number of treatments 
k. The total number of observations is equal to the product of number of treatment (k) and 
number of replicate for each treatment (n). So if an ANOVA test is significant, an HSD can 
be calculated to make a pair wise comparison to determine the differences between the mean 
values of every two treatments. 
Table 3-3 is a SPL measurement result of four treatments. The fan is running at 1400 
RPM and the factor D is equal to 1.5 inch, but the pulley thickness (t) of each treatment is 
changed from 0 to 1 inch. Treatment condition t0.75-D 1.5 means at this treatment D is equal 
to 1.5 inch and t is equal to 0.75 inch. Each treatment is repeated three times to calculate the 
mean value, n=3. From the result one can find, that when pulley thickness is equal to 0 inch 
(this means no pulley is used), the noise level is the lowest. While the noise level at t = 0.75 
inch is different from when t = 0.5 inch and t = 1 inch, it must be realized that a difference in 
the mean value does not necessary means a statistically significant difference. So an ANOVA 
test is run on these results and the ANOVA result is given in Table 3-4. 
(3-3) 
Table 3-3 Mean Value of a four treatments SPL measurement 
Treatment Condition n Mean Value (dBA) 
1 t0.75-D 1.5 3 66.7 
2 t0.5-D 1.5 3 66.6 
3 tl-D1.5 3 66.6 
4 t0-D 1.5 3 66.1 
51 
Table 3-4 Summary of ANOVA test on the data in Table 3-3 
Source Degree of Freedom Sum of Squares Mean Square F Ratio 
Treatment 3 0.5692 0.1897 
Error 8 0.0200 0.0025 
Total 11 0.5892 
75.9 
From Table 3-4, the F-ratio is greater than 1. So ANOVA reveals that there is a 
significant difference in the group. But this can only tell that at least 2 of the mean values are 
significantly different. In order to study the difference on a pairwise level, the HSD needs to 
be calculated. At the level of a = 0.05, n = 3, k = 4 and N = 12, a table of the percentiles of 
the Studentized Range is used to determine that go.os(4,8) is equal to 4.53 and MSW is equal 
to 0.0025. Using the values in Equation 3-3, the HSD value is. 
HSD = 4.53 (0.0025/3) = 0.13, (3-4) 
Therefore a dB difference of at least 0.13 dB is needed to conclude that the measured 
difference is significant. In order to describe the Tukey's procedure, Table 3-5 is generated. 
We examine one column at a time, starting from the left. The left column contains the 
treatment mean values sorted in descend order and correspond to the treatment condition in 
the nest column to it. 
Table 3-5 Example result of Tukey's HSD analysis 
Mean (dBA) Treatment 
66.7 t0.75-D1.5 t0.75-D1.5 
66.6 t0.5-D1.5 0.1 t0.5-D1.5 
66.6 tl-D1.5 0.1 0.0 tl-D1.5 
66.1 t0-D 1.5 0.6 0.5 0.5 
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The treatment conditions are labeled in the second column and the top of other columns. 
The value in each grid is the difference between the mean values of the treatment on the 
column top and the corresponding treatment in the right. For example, the mean value 
difference between treatment t0.75-D 1.5 and treatment t 1-D 1.5 is equal to 0.1, which is listed 
in column 3 and row 3. Grids mean differences that are greater than the HSD value are 
shaded, indicating that the mean difference between these two treatments is significant to 95 
percentage confidence. Otherwise, the mean value difference is not significant. 
From Table 3-5, it is showed that at 1400 RPM and D = 1.5 inches, the noise level with 
no pulley is significantly different from when a pulley exists. The reason why ANOVA test 
shows a significant difference in the data is that treatment t0-D 1.5 is significantly different 
from other treatments. In the mean time, though there is a difference between treatment 
t0.75-D 1.5 and treatment t0.5-D 1.5, since the difference is less than HSD, this difference is 
not significant, and may have been caused by the system errors or the limitation of 
measurement equipment. 
3.2.2 Prediction of response surface 
For researchers and design engineers, the ability to tell which two treatments is 
significant is not enough, it is also important to have the ability to predict the response for 
new conditions. Since the full factorial design is adopted, it is possible to predict the 
response Y within a region of observation factors. For athree-dimensional observation 
experiment X1, X2, X3, each factor has three levels. The system can be presented by an 
equation, which includes all second level interactions and high order single effects, 
regardless of their significance, 
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Y = ao +' a1X1 -~ a2X2 -~- a3X3 +' a 11X 1 +' a 22X 2 -~- a 33 X 3 + a 12X 1X 2 + a 23 X 2X 3 + a 13X 1X 3 
(3-5) 
where Xl , X2, X3 are independent factors, ao is coefficient constant term, al , a2, a3 are 
coefficient constants for single linear effect, all, a22, a33 are coefficient constants for single 
two degree factor effect, and a12, a13, a23 are coefficient constants of two degree interaction 
between factors . 
For an experiment that will be presented in Chapter 4, the factors were fan speed (S) 
with levels 1000 RPM, 1400 RPM, 1700 RPM and 2100 RPM; distance (D) with levels 1.5 
inches and 3 inches; and pulley thickness (t) with levels 0, 0.5, 0.75, 1.0, 1.5, 2.0 and 2.5 
inches. After a full factorial experiment on SPL generated by different condition 
combinations were performed, the results were analyzed based on JMP 5 software to estimate 
the effect of factors on the dependent responses. ANOVA was adopted to evaluate the 
relationship between the observed response variable and controllable factors understudy. An 
empirical model includes these independent factors was created to quantitatively describe the 
effect of these physical conditions on the noise generation based on Equation (3-5). The 
regression equation obtained from ANOVA based on the observed results was a function of 






Every term is included regardless of its significant. In order to describe the leverage effects 
of each factor, each term is specified as the difference between the factor and the factor level 
mean. 
The regression model in Equation (3-6) contains one intercept term, three linear terms, 
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three interaction terms, (S, D), (D, t), (S, t) and five higher order single effect terms. From 
Table (3-6) the linear effect of fan speed (S) has a positive effect; the distance (D) and pulley 
thickness (t) have negative effects. According to Equation (3-6), all of the second-degree 
interactions have negative effects. 
Table 3-6 Summary of the percentage confidence that each term contribute to the measured 
response approximated with Equation (3-6) 
Formula Term Estimated Cofficient Constant dBA Percentage of Confidence % 
Intercept 3.77E+01 100 
S 2.16E-02 100 
T -2.42E-01 6'7 
D -5.57E-01 100 
(S-1550)2 -5.00E-06 100 
(S-1550)3 -1.99E-08 100 
(t-0.95)2 3.03E-02 '7 
(t-0.95)3 6.55E-01 98 
(t-0.95)4 -2.88E-01 '78 
(5-1550)(t-0.95) -1.58E-04 64 
(5-1550)(D-2.45) -4.64E-04 99 
(t-0.95)(D-2.45) -3.64E-02 15 
In order to predict and optimize the performance of a cooling fan system, one should 
obviously adjust the most significant factors. But Equation (3-6) displays all terms, 
regardless of their significance. So Table 3-6 is made to illustrate the confidence percentage 
that there is in each estimate coefficient. The left column in Table 3-6 lists is the factors 
studied, the middle column is the estimated coefficient constant and the right column shows 
the percentage of confidence that the ANOVA analysis indicates that each factor's effect is 
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significant to the system. For example, though the interaction between pulley thickness and 
distance has a negative effect on the sound pressure level in Equation (3-6), there is only a 1 S 
percentage confidence that it is significant. That is to say that this variable combination does 
not have a significant impact on the result, and can be potentially ignored. 
As results are presented in Chapter 4, more description of using this analysis tool will be 
described. 
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CHAPTER 4. RESULTS AND DISCUSSION 
The goal of the experiment is to find out the impact of these parameters: the fan speed, 
the fan type, the shroud type, the pulley thickness, the distance from the mock engine surface 
to the fan hub, and the inlet restriction on the flow rate, power input to the fan and the noise 
emitting from the cooling system. Response factor results from experiments were expressed 
as a function of those parameters and the significance of each factor and interaction were also 
given. 
If all the parameters were studied in the same experiment, the total number of runs would 
be unpractical. Therefore, the experiment was separated into two major blocks. The first 
block focused on the effect of fan speed, distance and pulley thickness on the noise level and 
flow rate. The second block focused on the effect of the fan type, the shroud type, the inlet 
restriction and the fan speed on the noise level, the air flow, and power input to the fan. 
The effects of different factors are studied in terms of several measurements: the overall 
sound pressure level (SPL), broadband SPL, the narrow band SPL, the air flow rate inlet to 
the radiator, and the power input to the fan. Each of these measurements was described in 
Chapter 2. The sound power spectra measured from the experiment were separate into 
broadband and narrow band spectra as described in Chapter 2 to study the factor that 
influence on the broadband and the tone noise. Statistical analysis tools described in Chapter 
3 are also applied to the data to analyze the significance of the factors to predict the response 
value surface. 
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4.1 Fan Speed, Distance and Pulley Thickness' Effect on SPL 
The results of the experiment that studying the factor pulley thickness (t) are shown in 
Table 4-1. The SPL level difference in a shaded block means that this difference is a 
significant difference based on the HSD criteria. 
From Table 4-1, when the pulley is removed from the mock engine, the noise is always 
the lowest comparing to other condition combinations. The SPL differences between 
conditions with and without the pulley installed are significant for all cases. So adding a 
pulley to the system will generate a significant increase in SPL noise level. 
At all speeds (except the lowest speed, 1000 RPM) the SPL difference between 0.75 inch 
and 0.5 inch is not a significant change. The 1 inch pulley is more quite than other thickness 
pulleys. But the difference between a 1 inch pulley and other thicknesses is not significant at 
lower fan speeds, 1000 RPM and 1400 RPM. At higher speeds 1700 RPM and 2100 RPM 
this difference is a significant change. 
Tukey's HSD at this experiment is between 0.1 and 0.2 dBA. Compared with the 
preassigned important difference 0.5 dBA, the HSD value is much smaller than the important 
difference. In practical applications, though making some change to the system can generate 
a SPL level change that is statistically significant, it may not be an important difference and 
worthwhile for design engineering to implement. At a lowest speed, if you change the pulley 
thickness is changed from 0.5 to 0.75 inch, the noise level will increase significant 0.2 dBA, 
but from an engineering aspect, this change may not be worthwhile to be implemented in the 
design process. None the less, studying the significance of difference can help to determine 
the trend of changes and thus understand the mechanism and reasons for the changes. 
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Table 4-1 Result of Tukey's HSD analysis on an experiment at condition D = 1.5 inches 
(values given are A-weighted SPL differences between conditions and t2.5-D3 
means pulley thickness t = 2.5 inch, distance D = 3 inch) 
HSD=0.17 1000 RPM 
Mean Means Difference 
59.8 t0.75-D1.5 t0.75-D1.5 
59.6 t0.5-D 1.5 0.2 t0.5-D 1.5 
59.5 tl-D1.5 0.3 0.1 tl-D1.5 
59.1 t0-D 1.5 0.7 0.5 0.5 
1400 RPM HSD=0.13 
Mean Means Difference 
66.7 t0.75-D 1.5 t0.75-D 1.5 
66.6 t0.5-D 1.5 0.1 t0.5-D 1.5 
66.6 tl-D1.5 0.1 0.0 tl-D1.5 
66.1 t0-D 1.5 0.6 0.5 0.5 
1700 RPM HSD=0.15 
Mean Means Difference 
73.7 t0.5-D 1.5 t0.5-D 1.5 
73.6 t0.75-D 1.5 0.0 t0.75-D 1.5 
73.0 tl-D1.5 0.6 0.6 tl-D1.5 
72.1 t0-D 1.5 1.5 1.5 0.9 
2100 RPM HSD=0.13 
Mean Means Difference 
77.4 t0.75-D 1.5 t0.75-D 1.5 
77.3 t0.5-D 1.5 0.1 t0.5-D 1.5 
77.0 tl-D1.5 0.5 0.4 tl-D1.5 
76.8 t0-D 1.5 0.6 0.5 0.2 
Table 4-2 shows the SPL result when the distance from the mock engine to the fan hub is 
equal to 3 inch and the pulley thickness was varied between 0, 0.5, 0.75, 1, 1.5, 2, 2.5 inches. 
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Table 4-2 Result of Tukey's HSD Analysis on the experiment with the mock engine 3 inches 
from the fan and the 





59.7 t2.5-D3 t2.5-D3 
59.3 t 1.5-D3 O.S t 1.5-D3 
59.3 tl-D3 0.5 0.0 tl-D3 
59.2 t2-D3 0.6 0.1 0.1 t2-D3 
59.1 t0.5-D3 0.6 0.1 0.1 0.0 t0.5-D3 
58.9 t0.75-D3 0.8 0.3 0.3 0.2 0.2 t0.75-D3 
58.9 t0-D3 0.9 0.4 0.4 0.3 0.3 0.1 t0-D3 
1400 RPM W= 0.33 
Mean Means Difference 
66.7 t2.5-D3 t2.5-D3 
66.0 t2-D3 0.7 t2-D3 
66.0 t0.5-D3 0.7 0.0 t0.5-D3 
66.0 t1.5-D3 0.7 0.0 0.0 t 1.5-D3 
65.9 t0-D3 0.8 0.1 0.1 0.1 t0-D3 
65.9 t0.75-D3 0.8 0.1 0.1 0.1 0.0 t0.75-D3 
65.8 tl-D3 0.8 0.2 0.1 0.1 0.1 0.0 tl-D3 
1700 RPM W= 0.42 
Mean Means Difference 
72.9 t2.5-D3 t2.5-D3 
72.7 t2-D3 0.2 t2-D3 
72.7 t0.75-D3 0.3 0.0 t0.75-D3 
72.4 t 1.5-D3 0.5 0.3 0.2 tL~-D3 
72.1 tl-D3 0.9 0.6 0.6 0.4 t 1-D3 
71.9 t0.5-D3 1.0 0.8 0.7 0.5 0.1 t0.5-D3 
70.9 t0-D3 2.0 1.8 1.7 1.5 1.1 1.0 t0-D3 
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Table 4-2 (continued j 
2100 RPM W= 0.15 
Mean Means Difference 
76.2 t0.75-D3 t0.75-D3 
76.1 t0.5-D3 0. 1 t0.5-D3 
76.0 tl-D3 0.2 0.1 tl-D3 
76.0 t2-D3 0.3 0.1 0.0 t2-D3 
75.9 t0-D3 0.3 0.2 0.1 0.1 t0-D3 
75.9 t2.5-D3 0.3 0.2 0.1 0.1 0.0 t2.5-D3 
75.9 t1.5-D3 0.4 0.2 0.1 0.1 0.0 0.0 t 1.5-D3 
In Table 4-2, at fan speeds 1000 RPM, 1400 RPM and 1700 RPM, the conditions of 2.5 
inches pulley thickness have the loudest SPL. At fan speeds, 1000 RPM and 1400 RPM, the 
SPL at condition t=2.5 is significantly different from all other t conditions. As for the 
conditions where the pulley is removed, at two speeds, 1000 RPM and 1700 RPM the 
condition t=0 is at the lowest SPL level and is significantly different from other t conditions. 
At the remaining two speed levels, though the corresponding SPL is not the lowest level, the 
SPL at t=0 is lower than at least half of the SPL means in the sequence. 
At all speeds, the HSD value is smaller than the important difference of 0.5 dB that was 
set for establishing the number of replicates. The number of replicate n is reasonable and it is 
not necessary to decrease n to increase HSD. The current design of experiment was based on 
minimum significant difference of 0.5 dBA. With the increase of n, the HSD value will 
decrease correspondingly. So if an experiment produced results where the HSD value is 
much larger than the value set for the important difference then the HSD analysis would 
indicate inconclusive results. It will happen that some mean difference is larger than the 
important difference, so this is a "real" difference considered by engineers; but on the other 
hand, if it is less than the HSD value they are not "different" statistically. This situation is not 
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favorable for research since the difference conclusions would not be supported by statistical 
evidence. To prevent this situation, the number of replicates would need to be increased to 
decrease the HSD so that the measured difference would be significant. 
Table 4-1 and 4-2 give the mean comparison result of the experiment studying D, t and S . 
To better understand the experiment results, a regression curve fit is used to study the effects 
of each factor and their second order interactions. Similar to Table 3-6, the curve regression 
result of the experiment is shown in Table 4-3. Using these results a formula can be 





In Table 4-3, each term has a corresponding confidence level, for example the term 
(t-0.95)2 only has a 7 percent confidence that this factor is significant to the formula, while 
the term S has 100 percent (99.99%) confidence that this term is significant to the system. As 
for a factor term, if there is over 90% confidence to say that it has a significant effect on the 
system, it is considered to be a significant factor. Using these criteria, the fan speed's first, 
second and third order factors have significant effect on the system. The third order factor of 
pulley thickness is also one of the significant higher order factors of the model, as is the 
interaction between fan speed and distance. On the other hand, there is little confidence that 
the single factor t, high order factor (t-0.95)4 and second degree interaction between S and t 
and second degree interaction between t and D have significant effects on the regression 
model. 
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Table 4-3 Regression Formula to Predict SPL (dBA) Using S, D and t 
Formula Term Estimated Cofficient Constant dBA Percentage of Confidence °10 
Intercept 3.77E+01 100 
S 2.16E-02 100 
t -2.42E-01 67 
D -5.57E-01 100 
(S-1550)2 -5.00E-06 100 
(S-1550)3 -1.99E-08 100 
(t-0.95)2 3.03E-02 7 
(t-0.95)3 6.55E-01 98 
(t-0.95)4 -2.88E-01 78 
(5-1550)(t-0.95) -1.58E-04 64 
(5-1550)(D-2.45) -4.64E-04 99 
(t-0.95)(D-2.45) -3.64E-02 15 
Using the confidence percentage in each term, alternate formulas to Equation 4-1 can be 
developed that do not include all factors in the regression model. In such a simplified 
regression model, only factors that are considered significant to the system are included. 
Based on the selection of different minimum confidence levels, different regression formula 
can be formed. For example if only the factors that have over 90 percentage of confidence are 
used, the regression formula will be 
Y9o= (3.77E+01) + (2.16E-02)S-(5.57E-01)D-(5.00E-06)(S-1550)2-(1.99E-08)(5-1550)3
+ (6.SSE-01)(t-0.95)3-(4.64E-04)(5-1550)(D-2.45) (4-2) 
Compared with Equation (4-1), Equation (4-2) is simpler, but it may not have the same 
accuracy in predict the SPL as the full model, Equation (4-1). To measure the accuracy of the 
prediction formula, an ANOVA test is adopted to test the percentage of confidence of the 
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predicted value compared to the actual measured value from the same population. 
Four prediction formulas were chosen to test the model accuracies. The factors contained 
in these formula are over 60%, 70%, 90%, 0% confidence. The ANOVA test result is given in 
Table 4-4 
For the formula in Equation (4-1), all factors are included. The ANOVA test shows that 
there is 100 % (99.99 %) confidence to say that the predicted values and the measured values 
are from the same population. While if we choose the factors that only have over 90 % 
confidence are used, the prediction formula will have 74 %confidence to predict the accurate 
values. Figures 4-1 and 4-2 compare the predict values and actual values, by plotting the dBA 
difference between the predicted and the actual value with respect to t value, separated for 
each D value. 
Table 4-4 ANOVA test compression of different prediction formula 
Factor Percentage of Confidence ANOVA Percentage of Confidence 
All 100 
Over 60 % 99.6 
Over 70 % 87.0 
Over 90 % 74.0 
From Figure 4-1, at all conditions, the prediction error is within 0.5 dB except for when t 
= 0 and S = 1700. With the thickest pulley size, t = 1 inch, the prediction formula using a 
higher percentage of confidence (over 90% and over 70%) factors generate larger errors than 
using factors with a lower percentage of confidence. Figure 4-2 has a similar situation as 
Figure 4-1. When t = 0 and S= 1700 the error of all four formulas is larger then 0.5 dB. With 
the increase of the pulley thickness, the error generated from the formula using factors over 
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70% and 90% confidence increases simultaneously. Especially when t is over 2 inches, these 
two prediction formula generate errors larger then 0.5 dB. Since a difference bigger than 0.5 
dB is considered as an important difference for cooling fan package engineers, formulas that 
generate an error greater than 0.5 dB are not sufficiently accurate. A prediction formula using 
factors over 60% of confidence is able to generate predictions at the accuracy level of 
Equation (4-1), which includes all the factors regardless of significance. The prediction error 
of this formula is within 0.5 dB, an error considered to be not different from the actual 
measured value for the cooling package application. 
Another approach of predicting the noise generating is to develop regression model 
based on the sound pressure squared. Then the predicted sound pressure squared is used to 
calculate the SPL, 
Likewise, 
SPL = 101og(Pe2~ref) dB re Pref 
SPL 
2 10 2 Pe = 10 Pref 
Using the data from all condition a regression model is developed, 




Table 4-5, gives the regression formula to predict the sound pressure square Pee . The 
regression formula is used to predict the sound pressure squared and the sound pressure level, 
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Similar to Table 4-4, Table 4-6 compares the predicted value of SPL using terms with 
different levels of confidence to actual measured SPL. An ANOVA test is also used in Table 
4-6 to demonstrate the accuracy of different prediction formulas. From Table 4-6, choosing 
all the factors regardless of significance can have a 90 percentage of confidence to say that 
the predicted value is not different from the actual measured value. On the contrary, if only 
the terms over 90% confidence is included in the prediction formula, there is only 14% 
confidence to say that the prediction is no different from the actual values. This is not an 
accurate prediction formula. 
Table 4-5 Regression formula to predict sound pressure square (dBA) using S, D and t 
Term Estimated Cofficient percentage of Confidence °Io Constan (Pressure Square) 
Intercept -2.17E-02 100 
S 1.90E-OS 100 
t -7.61E-04 80 
D -1.15E-03 100 
(5-1550)2 1.61E-08 100 
(S-1550)3 -1.07E-11 99 
(t-0.95)2 3.51E-04 34 
(t-0.95)3 1.37E-03 96 
(t-0.95)4 -7.75E-04 83 
(S-1550)(t-0.95) 1.99E-07 38 
(5-1550)(D-2.45) -3.00E-06 100 
(t-0.95)(D-2.45) -6.60E-OS 12 
Table 4-6 ANOVA test compression of Different prediction formula 
Factor Percentage of Confidence ANOVA Percentage of Confidence 
All 90 
Over 80% 80 
Over 90% 14 
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The relationship between dB errors in the prediction was also calculated for formulas 
using different levels of confidence. Figures 4-3 and 4-4 show the error in the same format as 
Figure 4-1 and 4-2. From Figures 4-3 and 4-4, for all prediction formulas, the error will 
decrease with the increasing of fan speed. At the higher speed, 2200 RPM, the error between 
the predicted value and the actual value is less than 1 dB. At the lower speeds, the prediction 
formulas generate errors larger than 4 dB . For a prediction formula including only terms over 
90% of confidence, the prediction error increases with pulley thickness. When D = 3 inch, 
this formula generates error larger than the formulas that includes all factors regardless of 
significance and the formula includes the factors over 80% of confidence. When D = 1.5 inch, 
at middle speed this formula generates larger error. When the speed is over 1000 RPM, the 
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4.2 Different Factors' Effect on Flow Rate and Power Input 
For a cooling fan system layout, the cooling effect is highly depended on the air flow 
rate inlet to the radiator. In a typical design process it is favorable to decrease the noise 
generated from the system and at the same time keep a desired volume air flow rate. In this 
set of experiments, the factors include fan speed, shroud type, inlet restriction, and blade 
number. Figures 4-5 and 4-6 shows the measured flow rate under different conditions. 
Figures 4-5 and 4-6 shows a close relationship between flow rate and fan speed. To study 
this, the flow rate is curved fit to fan speed for each treatment. At each treatment, three curve 
orders, linear, polynomial, second degree, and polynomial third degree, are used to fit the 
measured flow rate values over the four fan speed values. The F ratio is given for each fit 
method to test the regression effect and a greater F ratio is considered evidence of a better 
regression fitting. The results of the curve fits are shown in Table 4- 7 
From Table 4-7, the linear curve fitting method has a greater F ratio so it is better than 
polynomial fitting for this treatment. Similarly, all three curve fitting methods are applied to 
all treatment conditions and their regression effects are compared by calculations showing 
the weighted F-ratio separately with respected to different treatments and fitting methods. 
The weighted F-ratio is 
F - rati o~ 
F-ratloweighted i = 100% 
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Figure 4-5 Relationship between the inlet flow rate and fan speed for the two shrouds and 
inlet restriction conditions for the six blade fan. 
Table 4-7 Curve fit of flow rate (flow) with respect to fan speed (S) for treatment (box 
shroud, seven blades, with inlet restriction) 
Fitting Method Formula (CFM) F Ratio 
Linear Flow = -109 + 2.07S 659 
Polynomial Second Degree Flow = -977+3.25 S - 3.69e-4 S2 499 
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Figure 4-6 Relationship between the inlet flow rate and fan speed for the two shrouds and 
inlet restriction conditions for the seven blade fan 
Figure 4-7 shows the weighted F-ratio for all cases in Figure 4-5 and 4-6. Since all 
weighted F-ratios are given based on a percentage level, five out of eight treatments show the 
linear curve fitting method is better than the polynomial method. Therefore the linear curve is 
considered the best regress relationship between the fan speed and the flow rate. The slope of 
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Figure 4-7 Effect of different curve fit methods by weighted F-ratio. 
The slopes in Figure 4-8 show how effectively the system delivers air through the 
cooling package since a greater slope means more effective air delivery. The ranges of the 
slopes are between 2.2 and 3.4. The slope of treatment (Box 6), (Contour 6), (Box 7) and 
(Contour 7) are larger than (Box 6 IR), (Contour 6 IR), (Box 7 IR) and (Contour 7 IR) 
respectively, so adding inlet restriction to the system will decrease the efficiency of air 
delivery. The slope of treatments (Box 7), (Contour 7), (Box 7 IR) and (Contour 7 IR) are 
greater than those of (Box 6), (Contour 6), (Box 6 IR) and (Contour 6 IR) respectively. These 
results show that the contour shroud has an advantage over the box shape shroud when other 














Figure 4-8 The slope of linear fitting formula for different treatments. 
In summary, if all the other conditions stay the same, for air flow, a seven blade fan is 
more effective than six blade fan in air delivery, the contour shroud is more effective than 
box shroud, and a system without an inlet restriction is more effective than a system with an 
inlet restriction. Among all the treatments under study, (Contour 7) is most effective for air 
flow. 
Although analysis shows a strong linear relationship between fan speed and flow rate 
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and the effect of factors on the slopes of the regression formula, the effect of factors on flow 
rate depends on different fan speed values. Based on Tukey's HSD analysis, Table 4-8 shows 
the difference between treatments. Values given in Table 4-8 are the percentage of change in 
air flow between the two conditions 
The percentage change in flow rate in Table 4-8 is highlighted with a shade to indicate 
that this change in mean value is a significant difference. As for a design engineer, less than 
15% change in flow rate is not considered an important change in Table 4-8. So some of the 
changes are significant differences but it may not be important for the design process. 
Differences of flow rate caused by factors are not significant for most of the condition 
changes at the lowest speed of 1000 RPM. One possible reason is that a change in the system 
factors, for example, from (box 7) to (box 6) will not bring a significant change in the flow 
rate. On the other hand, since the Tukey's HSD value is equal to 40% at this speed, it is 
comparably greater than the important difference of 15%. This means a larger replicate n is 
needed at low speeds to tell the significance of a difference caused by different treatments. A 
calculation as described in Chapter 3 is needed to decide a new value for the replicates n and 
then the measurements should be repeated based on the new n. The result would need to be 
recalculated as well as the Tukey's HSD value and compared with the important difference to 
test the suitability of the new replicate number n. 
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Table 4-8 Result of Tukey's HSD analysis showing effect if shroud fan speed, blade number 
and inlet restriction on the percentage change in inlet flow rate (IR means with inlet 
restriction, Con means contour shape shroud, All values are in dBA) 
1000 RPM HSD=40% 
Mean CFM Means Difference 
2539 Con-7 Con-7 
2501 Con-7-1R 1 Con-7-IR 
2347 Con-6-IR 8 7 Con-6-IR 
2266 Con-6 12 10 4 Con-6 
2034 Box-6 25 23 15 11 Box-6 
1968 Box-7 29 27 19 15 3 Box-7 
1889 Box-7-IR 34 32 24 20 8 4 Box-7-IR 
1437 Box-6-IR 77 74 63 58 42 37 31 
1400 RPM HSD=9% 
Mean CFM Means Difference 
3687 Con-7 Con-7 
3550 Con-7-IR 4 Con-7-IR 
3401 Con-6-iR 8 4 Con-6-IR 
3088 Con-6 19 15 10 Con-6 
2946 Box-6 25 20 IS Box-6 
2917 Box-7 26 22 17 6 1 Box-7 
2883 Box-7-IR 28 23 18 7 2 1 Box-7-IR 
2554 Box-6-IR 44 39 33 21 15 14 13 
1700 RPM HSD=6% 
Mean CFM Means Difference 
4753 Con-7 Con-7 
4499 Con-6 6 Con-6 
4356 Con-7-IR 9 3 Con-7-IR 
3752 Box-7 27 20 16 Box-7 
3730 Con-6-IR 27 21 l7 1 Con-6-IR 
3638 Sox-7-IR 31 24 20 3 3 Box-7-1R 
3557 Box-6 34 27 22 5 Box-6 
3319 Box-6-IR 43 36 31 13 12 10 7 
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Table 4-8 (continued) 
2100 RPM HSD=6% 
Mean CFM Means Difference 
6098 Con-7 Con-7 
5720 Con-6 7 Con-6 
5320 Con-7-IR IS 8 Con-7-IR 
5098 Con-6-IR 20 I2 -1 Con-6-IR 
4762 Box-7 28 20 12 7 Box-7 
4530 Box-6 35 26 17 13 Box-6 
4396 Box-7-IR 39 30 21 16 8 Box-7-IR 
4131 Box-6-IR 48 38 29 23 IS IO 6 
At speeds over 1000 RPM, most of change in the condition brings a significant change 
in the flow rate. The magnitude of Tukey's HSD is equal or less than the preset important 
change (15 %). So the replicate value is suitable for these speed levels. 
To study the effect of factors on flow rate, one can go through Table 4-8 to find some 
trends. For example, at 2100 RPM a change from (Box 7) to (Contour 7) brings 28 % 
increase in flow rate. At 1700 RPM the same change will bring 27 %increase in flow rate. At 
1400 RPM, this change brings a 26 %flow rate increase. For a change from treatment 
(Contour 6 IR) to (Contour 6), at 1400 RPM this change brings an increase of 10% in flow 
rate, at 1800 RPM this brings 21% increase in flow rate and at 2100 RPM this brings 12% 
increase in flow rate. Similar situations apply to treatments with six blade fans or with the 
inlet restriction. So at these speeds a change from a box shaped shroud to a contour shaped 
shroud will significantly increase the air delivery by a volume flow rate increase of 10 to 28 
percent. 
By doing the same analysis on all the factors at speeds over 1000 RPM, it shows that 
certain changes of system factors can change the air delivery situation effectively and 
significantly. These changes include changing the shroud type and adding or removing the 
7~ 
inlet restriction. On the other hand, some changes in the treatment do not bring a significant 
change in flow rate. For example, changing treatment from (Box 6) to (Box 7), at 1400 RPM 
brings a change in flow rate of only 1%, which is less than the HSD which is 9 %. Similarly, 
at 1700 RPM and 2100 RPM this change brings the increase of only 5%. So when the box 
shroud is installed in the system and the inlet restriction is removed, the change of fan with 
different blade numbers is ineffective at changing the flow rate. 
Figures 4-10 and 4-ll show the relation between flow rate and the power input to drive 
the fan. The power required by the system increases with the increase of the flow rate. The 
Box shroud consumes less power than the contour shape shroud. The difference between 
different conditions is more obvious at high speeds than low speeds. The inlet restriction 
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Figure 4-9 Significance of factors on fan power input. 
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The detailed effect of each factor is shown in the Table 4-9 with the percentage 
confidence in each factor summarized in Figure 4-9. The effects of the fan speed, shroud type, 
fan blade number and inlet restriction on the input power are statistically significant effects 
(over 90 %). At higher fan speed more power is required by the fan system. The seven blade 
fan, contour shroud, and inlet restriction are more power-consuming than the six blade fan, 
box shroud and no inlet restriction respectively. The second and third order effect of fan 
speed is very significant to input power requirement. The interaction between fan type and 
fan speed, shroud and fan speed, shroud and fan type are significant factors to the power 
input. The power input difference between fan type or shroud is bigger at high speeds than at 
low speeds. The interaction between fan speed and inlet restriction, shroud type and inlet 
restriction fan type and inlet restriction are not significant to the system model 
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Table 4-9 Regression of factors and interactions to the power input to the system 
Source Term Scaled Estimate Coefficient HP 
Percentage of 
Confidence % 
Mean Mean -2.46E+00 100 
S S 2.01E-03 100 
Shroud 
Shroud[Contour] 6.50E-02 100 
Shroud[Box] -6.50E-02 100 
Fan[7] 1.44E-01 100 
Fan Fan [6] -1.44E-01 100 
Inlet 
Inlet[Yes] 1.75E-02 96 
Inlet[No] -1.75E-02 96 
S*S (S-1550)*(5-1550) 1.40E-06 100 
S*S*S (5-1550)*(S-1550)*(S-1550) -6.33E-10 96 
S*Shroud 
~5-1550)*Shroud[Contour] 1.35E-04 100 
(5-1550)*Shroud[Box] -1.35E-04 100 
S *Fan 
(S-1550)*Fan[7] 2.71E-04 100 
(5-1550)*Fan[6] -2.71E-04 100 
Shroud[Box] *Fan[6] 1.94E-02 97 
Shroud*Fan 
Shroud[Contour]*Fan[6] -1.94E-02 97 
Shroud[Box] *Fan [7] -1.94E-02 97 
Shroud[Contour]*Fan[7] 1.94E-02 97 
S*Inlet 
~S-1550)*Inlet[Yes] 3.02E-OS 85 
(S-1551)*Inlet[No] -3.02E-OS 85 
Shroud[Box]*Inlet[No] -3.13E-03 30 
Shroud*Inlet 
Shroud[Box]*Inlet[Yes] 3.13E-03 30 
Shroud[Contour]*Inlet[No] 3.13E-03 30 
Shroud[Contour]*Inlet[Yes] -3.13E-03 30 
Fan[6] *Inlet[Yes] -5.63E-03 50 
Fan*Inlet 
Fan[6] *Inlet[No] 5.63E-03 50 
Fan[7] *Inlet[Yes] 5.63E-03 50 
Fan[7] *Inlet[No] -5.63E-03 50 
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4.3 The Effect of Shroud Type, Blade, Inlet Restriction and Speed on SPL 
Experiments were performed to study the effect of shroud type, blade number, inlet 
restriction and fan speed on the noise generation. The mean value of the overall SPL is given 
in Table 4-10, where Tukey's HSD analysis is applied. Values in a shaded box mean this 
change is statistically significant. 
From Table 4-10, at the low speed of 1000 RPM, there are no significant differences 
between treatments means. At higher speeds, 1400 RPM and over, most of the mean 
differences between treatments are significant differences. For example, at 2100 RPM, if the 
six blade fan is installed, a change from contour shroud to box shroud will significantly 
increase the overall SPL by 4.8 dBA. At 1700 RPM when the contour shroud and inlet 
restriction are installed, a change from a six blade fan to a seven blade fan will significantly 
increase the overall SPL by 1.6 dBA. Under the same conditions, the six blade fans are 
quieter than the seven blade fans. 
Figures 4-11 and 4-12 show the mean value of the overall SPL with respect to speed, 
shroud type, and inlet restriction to identify the effect of the different factors on the noise 
generation. 
85 
Table 4-10 Mean Difference of A-weighted SPL between conditions (IR means with inlet 
restriction, Con means contour shape shroud, All values are in dBA) 





63.9 Con-7 Con-7 
63.4 Box-7 0.4 Box-7 
63.0 Con-7-IR 0.9 0.4 Con-7-IR 
62.8 Box-7-IR 1.0 0.6 0.2 Box-7-IR 
62.7 Con-6-[R 1.1 0.7 0.3 0.1 Con-6-IR 
62.5 Con-6 1.4 0.9 0.5 0.3 0.2 Con-6 
62.3 Box-6-IR 1.6 1.2 0.7 0.6 0.5 0.2 Box-6-IR 
62.0 Box-6 1.9 1.4 1.0 0.8 0.7 OS 0.3 
1400 RPM HSD=0.2 
Mean Overall Means 
SPL Difference 
71.0 Box-7 Box-7 
70.6 Box-7-IR 0.4 Box-7-lIZ 
70.1 Con-7 0.9 0.5 Con-7 
69.6 Con-7-IR 1.3 0.9 0.4 Con-7-IR 
68.7 Con-6 2.3 1.9 1.4 0.9 Con-6 
68.7 Con-6-IR 2.3 1.9 1.4 1.0 0.0 Con-6-IR 
68.5 Box-6 2.5 2.1 1.6 I.1 0.2 02 Box-6 
68.4 Box-6-IR 2.6 2.2 1.7 1.2 0.3 0.3 0.1 
1700 RPM HSD=0.3 
Mean Overall Means 
SPL Difference 
79.3 Box-7 Box-7 
78.9 Box-7-IR 0.4 Box-7-IR 
75.0 Con-7-IR 4.3 4.0 Con-7-IR 
74.7 Con-7 4.6 4.2 0.2 Con-7 
73.5 Box-6-1R 5.8 5.4 1.4 1.2 Box-6-IR 
73.5 Box-6 5.8 5.5 1.5 1.3 0.1 Box-6 
73.3 Con-6-IR 6.0 5.6 1.6 1.4 0.2 0.1 Con-6-IR 
72.8 Con-6 6.~ 6.1 22 1.9 0.7 0.7 0.5 
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Table 4-10 (continued) 





83.7 Box-6-1R Box-6-IR 
83.3 Box-7 0.4 Box-7 
83.2 Box-6 0.5 0.1 Box-6 
82.5 Box-7-IR 1.2 0.8 0.7 Box-7-IR 
80.8 Con-7-IR 3.0 2.5 2.4 1.7 Con-7-IR 
80.1 Con-7 3.6 3.2 3.1 2.4 0.7 Con-7-IR 
78.4 Con-6 5.3 4.9 4.8 4.1 2.3 1.7 Con-6 
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Figure 4-11 A-weighted SPL as a function of speed as the shroud and inlet restriction are 
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Figure 4-12 A-weighted SPL as a function of speed as the shroud and inlet restriction are 
changed. seven blade fan. 
In all cases, the overall A-weighted sound power level increases with the increase of the 
fan speed regardless of the other conditions. The magnitude of the effect of the shroud on the 
overall SPL is dependent on the fan speed. The type of shroud doesn't affect the overall SPL 
at low speeds, but it will affect the SPL significantly when the fan is running at higher speeds. 
For the six blade fan, when the fan is running at 2100 RPM and using a box shape shroud, 
the sound level is 5-7 dBA louder than the contour shape shroud. For the seven blade fan, the 
effect of the shroud is significant, 3 to 5 dBA at 1700 and 2100 RPM. 
The effect of the inlet restriction depends on the fan blade number and fan speed. The 
effect of adding the inlet restriction to the system is not very significant at the lowest speed, 
1000 RPM, while at the highest speed, 2100 RPM this effect is significant, increasing the 
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SPL for the six blade fan but decreases the SPL for the seven blade fan. 
Table 4-11 Regression formula to predict SPL (dBA) and the significance of each formula 
term (IR means inlet restriction, NoIR means no inlet restriction) 
Source Term Estimated Cofficient Constant (dBA) 
Percentage of 
Confidence % 
Mean Mean 7.23E+01 100 













S2 (5-1550)2 -2.77E-01 48 
S 3 (S-1550) 3 -1.33E+00 74 
S *Shroud 
(S-1550) * Shroud[Box] 





(S-1550) * Fan[6] 





Shroud[Box] * Fan[6] 
Shroud[Box] * Fan[7] 
Shroud[Contour] * Fan[6] 







(5-1550) * Inlet[IR] 





Shroud[Box] * Inlet[IR] 
Shroud[Box] * Inlet[NoIR] 
Shroud[Contour] * Inlet[IR] 







Fan[6] * Inlet[IR] 
Fan[6] * Inlet[NoIR] 
Fan[7] * Inlet[IR] 







In order to study the single factor effects and the interactions between two factors, a model fit 
is applied to the measured values. The information for the model fit formula is given in Table 
4-11. 
In Table 4-11, nominal factors are expanded to all possible levels. The interaction term 
between fan and inlet restriction has four values, Fan[6] * Inlet[IR], Fan[6] * Inlet[NoIR], 
Fan[7] * Inlet[IR], and Fan[7] * Inlet[NoIR]. Nominal factors have no physical value, but 
they dictate the sign of the estimated coefficient constant. 
Under the condition of a six blade fan, box shroud, and inlet restriction, the regression 
formula predicted the SPL from fan speed, regardless of the significance of each factor can 
be written as 
SPL= (4.26E+01)+(1.92E-02)S+(7.72E-01) - (8.91E-01)-(9.06E-02)-(8.00E-09)(S-1550)2 
+(7.42E+01)(S-1550)3+(2.07E-03)(5-1500)-(1.99E-04)(5-1500)-(1.53E-01) 
+(3.94E-OS)(S-1500)-(7.81E-02)+(7.19E-02) 
_ (3.94E+01) + (2.11E-02) S - (9.15E-07) (S-1550)2 - (8.00E-09) (S-1550)3 (dBA) 
(4-5) 





_ (4.08E+01)+(2.15E-02) S-(9.15E-07) (S-1550)2-(8.00E-09) (S-1550)3 (dBA) 
(4-6) 
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Figure 4-13 shows the percentage of confidence that every factor and their interaction 
are significant to the- system. The single factors fan speed (S), shroud type, and inlet 
restriction are very significant to the system (over 99.99% confidence). The third order effect 
of fan speed (S) has over 70 %confidence of significance to system. The interaction between 
the fan speed and the shroud types are very significant to the system prediction formula. Inlet 
restriction and its interaction with the other three factors have low confidence, less than 40 %, 
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Figure 4-13 Significance of factors and their interactions on the sound pressure level. 
4.4 Factors' Effect on Broadband Noise 
As discussed in Chapter 2, broadband noise spectrum can be separated from the total 
SPL spectrum. The comparison between, the total SPL and broadband overall SPL is given in 
Table 4-12, 
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From Table 4-12, since the original noise spectrum is composed of broadband noise and 
tone noise, the overall SPL is higher than the broadband overall SPL for every treatment. 
With the increase of the speed, the broadband noise levels increase. The difference between 
the original overall SPL and broadband overall SPL is shown in Figure 4-14. 
Table 4-12 Comparison between the total and broadband overall SPL 
Fan Speed Shroud Type (RPM) 
Fan Blade Inlet 
Number Restriction 
Original Broadband 
Overall SPL Overall SPL 
(dBA) (dBA) 
1000 Box six blades W/O 62.1 61.6 
1400 Box six blades W/O 68.4 68.1 
1700 Box six blades W/O 73.5 72.8 
2100 Box six blades W/O 83.7 77.7 
1000 Contour six blades W/O 62.5 61.6 
1400 Contour six blades W/O 68.7 67.8 
1700 Contour six blades W/O 72.8 72.1 
2100 Contour six blades W/O 78.4 76.4 
1000 Box six blades With 62 61.5 
1400 Box six blades With 68.5 68.2 
1700 Box six blades With 73.5 72.8 
2100 Box six blades With 83.2 77.6 
1000 Contour six blades With 62.7 60.6 
1400 Contour six blades With 68.7 67.6 
1700 Contour six blades With 73.3 72.3 
2100 Contour six blades With 77.9 76.7 
The difference between the total overall and broadband overall SPL varies with fan 
speed. The discrepancy is smaller at low speeds and greater at higher speeds. As shown in 
Figure 4-14, the effect of the inlet restriction on the total overall SPL is not very significant. 
But when these factors are curve fit to the broadband SPL, the effect of inlet restriction's 
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effect on the broadband SPL is very significant to this curve fitting model. The data foi~~iula 
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Figure 4-14 The difference between original overall SPL and broadband overall SPL of 
different condition.. 
Compared with Figure 4-10, the significance of factors and their interaction to the 
regression model is shown in Figure 4-15. The single factor effect of inlet restriction and the 
interaction between fan speed and inlet restriction are very significant to the change of 
broadband overall SPL (over 90 % of confidence) while they are not significant to the total 
overall SPL (35% and 50% of confidence respectively). The higher order effect of fan speed 
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and the interaction between fan type and fan speed are also much more significant to the 
broadband SPL (over 95 °Io of confidence) compared to the total overall SPL (less than 80 % 
of confidence). 
Table 4-13 Regression formula to predict SPL (dBA) and the significance of formula terms 





Mean Mean 7.23E+01 100 
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To understand the reason why the inlet restriction has a significant effect on the 
broadband SPL instead of total SPL, the spectra of two treatments are compared, Figure 4-16. 
One treatment is installed with inlet restriction, the other is not. At frequencies below 4000 
Hz the difference between the two spectra is small, while at frequencies over 4500 Hz, the 
spectrum with the inlet restriction is lower than that without inlet restriction. With the 
increase of the frequency, this gap between the two spectra becomes larger. The inlet 
restriction decreases the SPL spectrum at higher frequencies, while at low frequencies the 
effect of the inlet restriction is not distinct. Therefore the conclusion from Figure 4-15 shows 
that the inlet restriction's effect on the total overall SPL is not significant, because the narrow 
band noise levels dominate and are not affected by the inlet restriction. On the contrary, after 
the narrowband noise spectrum is separated from the original spectrum, this effect of the inlet 
restriction becomes very significant to the broadband overall SPL, and this significant effect 
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Figure 4-16 Broadband SPL spectrums at condition 1800 RPM, contour shroud and six 
blade fan. 
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4.5 Tone noise and Blade Passing Frequency 
By separating the tone noise from the original noise spectrum, the relationship between 
the fan tone noise frequency and the fan speed and fan type can be clearly shown. Tables 4-
14 and 4-15 list the frequencies of the tone noise with a six blade fan running at 2100 RPM 
with 1.5" distance from the surface of the mock engine to the hub and the thickness of the 
Pulley is 1.5" or 0.75". Table 4-15 gives a value N for each peak which is defined as 
where 
N— peak frequency 
BPF 




is the blade passing frequency of the fan. The number N represents the harmonic of the 
fundamental BPF for each tone that is identified. 
From Tables 4-14 and 4-15 the peak tone noise appears at the frequencies near the BPF 
or its harmonics. The tone noise exists at the same frequencies through different condition 
combinations. For example, at frequency 225 Hz (N = 1), the tone noise peak appears at all 
conditions, with the peak level of 75.8 dB, 76.1 dB, 74.9 dB, and 79.7 dB. Even at the same 
frequency, the peak level is different, indicating a relationship to different system condition 
com inations. 
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Table 4-14 Peak frequency, peak SPL and N under condition S = 2100 RPM, D = 1.5" 
D = 1.5" t=1.5" D = 1.5" t = 0.75" 
Frequency Peak SPL 
Hz dB 
N 
Frequency Peak SPL 
Hz dB 
N 
54.9 79.3 0.3 54.9 79.5 0.3 
146.5 67.9 0.7 146.5 67.8 0.7 
225.8 75.8 1.1 225.8 76.1 1.1 
439.5 75.9 2.1 439.5 76.8 2.1 
647 66.7 3.1 647 66.6 3.1 
854.5 61.5 4.1 854.5 62.9 4.1 
1068.1 64.4 5.1 891.1 61.5 4.2 
1275.6 59.7 6.1 1068.1 64.2 5.1 
1483.2 56.6 7.1 1275.6 58.2 6.1 
1763.9 53.2 8.4 1562.5 49.4 7.4 
1904.3 53.9 9.1 1696.8 57.3 8.1 
2105.7 52.2 10.0 1776.1 55.5 8.5 
2734.4 48.8 13.0 2734.4 49.7 13.0 
3454.6 44.7 16.5 3582.8 42.5 17.1 
3930.7 41.1 18.7 3790.3 41 18.0 
4095.5 47.9 19.5 3857.4 41.2 18.4 
4162.6 43.3 19.8 4089.4 42.8 19.5 
To study these characteristics of the tone noise, the relationship between the tone peak 
level and the condition combination of the fan system and the number N was studied. A 
regression model was developed to analyze the relationship of the fan speed, shroud types 
and inlet restriction to the tone peak SPL, Table 4-16. Since the frequency of the tone peak is 
related to fan speed and BPF, the result of Table 4-16 is separated by fan speed and fan blade 
number. 
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Table 4-15 Peak Frequency, Peak SPL and N under condition S = 2100 RPM, D = 3" 
D = 3" t=1.5" D = 3" t = 0.75" 
Frequency Peak SPL 
Hz dB 
N 
Frequency Peak SPL 
Hz dB 
N 
54.9 82.8 0.3 54.9 81.4 0.3 
146.5 65.5 0.7 146.5 67.1 0.7 
225.8 74.9 1.1 225.8 79.7 1.1 
433.4 68.4 2.1 433.4 68.2 2.1 
854.5 62 4.1 891.1 64.2 4.2 
891.1 60.5 4.2 1068.1 61.1 5.1 
1068.1 60 5.1 1275.6 55.7 6.1 
1275.6 49.4 6.1 1696.8 54.2 8.1 
1483.2 54.8 7.1 1904.3 50.9 9.1 
1696.8 55.7 8.1 3430.2 44.4 16.3 
1776.1 54.5 8.5 3857.4 40.8 18.4 
2728.3 48.2 13.0 4077.1 40.5 19.4 
3863.5 40 18.4 4162.6 43.6 19.8 
5481 44.7 26.1 
From Table 4-16, the effect of N is very significant to the system at all treatment cases. 
With the increase of N the peak tone SPL tends to decrease. The mean of the tone noise of a 
seven blade fan at each case is higher than the six blade fan, which means the seven blade fan 
is making louder tone noise than the six blade fan. The effect of the inlet restriction on tone 
noise SPL is not significant to the regression model (less than 50 % of confidence for all 
eight cases except two). The effect of the shroud on the tone SPL is more significant at the 
highest speed, 2100 RPM, (over 80 %confidence of significant) but is not significant at low 
speeds (less than 30 % of confidence). 
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Table 4-16 Regression of shroud type, inlet restriction and N's effect on tone peak SPL 
Fan Speed Source 




























































































The quantified effects of the shroud, inlet restriction and N on tone noise separated by 
fan blade number are shown in Figures 4-17 and 4-18. Negative values mean these factors 
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Figure 4-18 Effects of Shroud, Inlet restriction and N on seven blade fan tone noise. 
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Based on Table 4-16, the effect of N on the tone SPL is significant. Furthermore the 
quantified magnitude of this effect is greater at higher fan running speeds. This effect is 
directly proportional to the fan running speed as seen from Figure 4-17 and 4-18 . With 
harmonics of the BPF, the tone noise decreases with the increase of the frequency and N. In 
the mean time separate peak levels decrease more rapidly when the fan speed increases. 
Using a box shape shroud will increase the tone noise level at all cases. The significance of 
this effect depends on the fan speed. The effect of removing or adding an inlet restriction to 
the system is inconsistent, changing with other conditions such as speed, frequency and 
shroud type, and this effect is not significant to the system. 
Combining the conclusion arrived at for the effect of inlet restriction on the broadband 
noise compared to the tone noise, the inlet restriction has no significant effect on overall 
noise and narrow band tone noise but it has a significant effect on the broadband overall 
noise, and this effect is restricted in the range of high frequency broadband noise. 
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CHAPTER 5 CONCLUSIONS AND SUMMARY 
In this chapter, the conclusions on this cooling package noise generation research are 
given. Throughout the research, the experiment applied treatments that are the condition 
combinations of the core system factors including fan speeds, blade number, inlet restriction, 
shroud type, pulley thickness, and distance from the mock engine surface to the fan hub 
surface. The response variables: SPL, power input to the fan, and the flow rate are measured 
at different condition combinations separately. Through statistical analysis methods like 
ANOVA, Tukey's procedure and function surface regression, general conclusions on the 
quantified effect of each single factor, the higher order factors and the interaction between 
two factors are provided in the forms of surface function equations. Further more, statistical 
significance of each single and higher order factor effect and two degree interaction are also 
shown. These conclusions can help us understand the influence and importance of each factor 
on the system noise emission, cooling effect and power consumption. The results for each 
factor will be summarized. 
5.1 Overall Sound Level 
5.1.1 Fan speed 
Regardless of other conditions, at higher fan speeds, the overall SPL will be higher. From 
the regression formula, the third order effect terms of fan speed are significant to the SPL 
formula. If the fan speed increases, the noise generated by the system will increase 
correspondingly. 
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5.1.2 Fan blade 
If other conditions keep constant, using a seven blade fan is louder than a six blade fan. 
At 1000 RPM, 1400 RPM and 1700 RPM, the treatment using the seven blade fan generate 
more noise than the treatment using the six blade fan, regardless of the other conditions. At 
2100 RPM, when other conditions keep the same, using a seven blade fan is louder than 
using a six blade fan correspondingly. 
5.1.3 Shroud type 
At the low speed of 1000 RPM, the difference between using a box shape shroud and a 
contour shape shroud is not very significant. At speeds at and over 1400 RPM the difference 
between treatments using the box shroud and contour shroud are significant. If other 
conditions are kept the same, the box shroud is louder than the contour shaped shroud, and 
the difference increases with the increase of the speed. 
5.1.4 Inlet restriction 
At the low speed of 1000 RPM, the effect of the inlet restriction on the overall SPL is not 
significant. While at higher speeds, this effect is significant. At speeds of 1400 RPM and 
higher, the effect of inlet restriction to the system is significant and decreases the noise 
generation. At 1700 RPM, the effect of the inlet restriction on the system is significant when 
box shroud and seven blade fan are installed. The inlet restriction will significantly increase 
the noise when the contour shroud and six blade fan are installed. For the remaining two 
treatment pairs with the box shroud and six blade fan, contour shroud and seven blade fan 
respectively, the effect of the inlet restriction is not significant. At the highest speed, the inlet 
restriction will have a positive effect on overall SPL when the box shroud and six blade fan 
or contour shroud and seven blades are installed. The inlet restriction will have a negative 
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effect on the overall SPL when the box shroud and seven blade fan or contour shroud and six 
blade fan are installed. 
5.1.5 Regression model 
For the study of the effect of of the distance, pulley thickness and fan speed on the SPL, 
all single first order factor, the higher order factors of fan speed, the third order factors of 
pulley thickness, and the interaction between fan speed and distance are significant terms to 
the system. Though the regression formula that includes all factor terms, regardless of its 
significant, can predict SPL to within 0.5 dB errors, the prediction formula that only includes 
the factors over 60 %confidence of significant can produce the similar error level (less than 
0.5 dB). Using this formula will simplify the model so that it only includes the factor 
significant to the system and control the prediction error within a reasonable range. 
Choosing factors in a higher percentage of confidence (over 70 %) will generate errors 
greater than 1 dB, and the prediction error increases as the pulley thickness t increases. So 
choosing this confidence level to form a prediction formula is not a accurate option 
5.2 Broadband Noise and Tone Noise 
Similar to the total overall spectrum, the factors that have a significant effect on the 
overall SPL will also have a significant effect on broadband noise level. But different from 
the total overall SPL, the effect of inlet restriction is significant for the broadband overall 
SPL other than the total overall SPL as well as narrow band tone noise. This effect is caused 
by the fact that the inlet restriction will decrease the high frequency broadband noise. Also, 
the high order effects of fan speed are significant to the broadband SPL. The second order 
interactions between factors are more significant to the broadband noise levels than to the 
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total overall SPL. 
Tone noise appears at the frequency near the BPF and its harmonics. The frequency of 
the tone noise is highly depended on the fan blade number and fan speed. The level of the 
tone noise at different frequencies is significantly affected by the harmonic number N. With 
the increase of N, the tone peak SPL will decrease and it will decrease more rapidly at higher 
fan speeds than at lower speeds. 
The tone noise is also highly dependent on the fan blade number, and the fan shroud 
has a significant effect on the tone noise at treatments with high fan speed. The inlet 
restriction's effect is not significant in all cases. 
5.3 Flow Rate and Power Input 
For the flow rate, there is a linear relation between the flow rate and fan speed, which is 
dependent on the other conditions. The range of the slope is between 2.0 to 3.5. Change from 
a box shroud to a contour shroud, change form six blade fan to seven blade fan, and 
removing the inlet restriction will increase the slope, which means the efficiency of air 
delivery is increasing. Further, increasing the fan speed increases the flow rate, the contour 
shape shroud has less flow resistance, and the seven blade fan is more effective to deliver air. 
Not only is the flow rate significantly affected by the fan speed, shroud type, fan type, 
and inlet restriction, it is also affected by their interactions. The interaction between fan speed 
and shroud, between fan type and shroud, and between fan type and inlet restriction are 
significant to the flow rate change (over 90% confidence of significant). For example, the 
inlet will have a more significant effect at high fan speeds than low fan speeds. 
The power input to the fan required by the system increases with the increase of flow 
106 
rate and the fan speed. The factors fan speed, inlet restriction, fan type and fan blade are very 
significant to the change of fan power. The second and third order effects of fan speed and 
the interactions between fan type and fan speed, shroud and fan speed, shroud and fan type 
are significant to the system. At high fan speeds, the seven blade fan, contour shroud, and 
inlet restriction result in more power being consumed by the fan than at low fan speeds, six 
blade fan, box shroud, and no inlet restriction. 
5.4 Use of the Box Shroud 
Though the box shroud is easier to manufacture than a contour shroud, a straight cost 
saving, the research showed no performance advantages over the contour shape shroud. From 
the cooling aspect, it is not favorable to use because it lowers the air flow efficiency, and thus 
decreases air flow comparing to the contour shroud. From the acoustic aspect, the box shroud 
is noisier than the contour shroud. It has significant effect on increasing SPL for the 
broadband noise level and the overall SPL. It has similar significant effect on narrow band 
tone noise at high speeds. 
5.5 Future Work 
From analysis of the inlet restriction, the effect of inlet restriction on the system at high 
speed is not constant with the condition combinations. Since the inlet restriction significantly 
decreases broadband SPL at high frequency range only, it is favorable to quantify the effect 
of inlet restriction on broadband noise and figure out under which condition combinations, 
the other factors will dominate over the effect of the inlet restriction and raise the overall 
SPL. 
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By using regression of the effect of fan speed, distance and thickness, the highest order 
of these factors still show significant effects (over 80% of confidence of significance) on the 
overall SPL. It is possible that even higher orders of these factors may have significant effect 
on SPL also. But due to the limitation of the variability on those factor levels no further 
conclusions can be reached. So it will be helpful to study the higher order effect of each 
factor. This can be done if more levels are added to each factor, all other factors are kept the 
same, and measurements are taken sequentially. For example, more distance values can be 
added between 1.5 and 3 inches 
By collecting more data, analysis can show certain cooling fan system components have 
significant effects on SPL, however the flow profile field is left unknown. Analysis on the 
fluid dynamics of air flow can help us understand which flow phenomena causes the 
significant changes in the flow and SPL. This can also help us correlated the flow velocity 
and acceleration fields and turbulence quantities of transient phenomena with the SPL 
spectrum and indicate which detail in the system design causes the specific flow character 
and therefore cause a significant change in the noise generation. A Particle Image 
Velocimetry (PIV) system is such a tool to analyze the fluid mechanics because the PIV 
system can provide two- or three-dimensional velocity maps in flows. The PIV technique is 
based on imaging the light scattered by small particles in the flow illuminated by a laser light 
sheet. Using the PIV system can provide flow visualization and measurement over the 
radiators and near the mock engine area, thus provide rich details from aerodynamics 
research to explain the mechanism of noise generation sources in further depth and support 
the conclusion from the statistical analysis. 
As discussed in Chapter 1, research has been done on generating a computational 
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regression model to predict the fan noise spectrum in the free field or in a simple enclosure. 
With more study on the cooling package noise, modifications related to the actual working 
condition can be added to the current prediction model. These modifications can be 
additional terms representing the system factors like pulley thickness, distance from the mock 
engine surface to the fan hub, the open percentage of the inlet restriction. These 
modifications can also be corrections to the current model to represent the measurement 
observation in terms like fan speed, which has already been included in the model, to 
generate more accurate predictions of noise. 
Commercial computational fluid mechanics software has already been applied in the 
stage of designing the cooling package to produce precise general flow profiles representing 
the effect of the fan on air flow. But in some areas like the fan blade surface and engine edge, 
the software can not provide satisfactory predictions of the air flow for noise predictions. 
With the information from PIV analysis, one can show desirable data to cover those blind 
spots in the air flow profile and describe the near field flow movement more completely. 
Correlating the noise measurement data with accurate air flow measurements, makes it 
possible to explain the single factor's effect on the air flow, thus change the noise spectrum 
and finally change the overall noise level. A character in the noise spectrum may be closely 
related to a detail in the system like the pulley thickness. With slight changes of this specific 
factor, to some level, this factor may become a dominant factor and thus create a significant 
change the overall noise level. This object can be applied through a series of purposely 
design experiments. Within each set of these experiments, fewer factors will be study but 
each factor will be study in detail. A small change in the factor will be accompanied by the 
noise measurement and air flow profile measurement. Combining these results, single factor 
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effects and interactions can be identified for the system and quantified. With the ability to 
study the factor's effect on the noise spectrum and air flow profile, the magnitude, 
importance, and cutoff level of those factors can be provided to design engineers. Besides 
predicting the overall noise level, accurate prediction on the flow profile and spectrum can be 
available for engineers in the mean time. With the synchronized effort from the noise level 
experiments, the air flow studies, computational fluid mechanics software simulation, and fan 
noise regression model, a more complete cooling package noise prediction model can be 
build over time. Cooling package design engineers can apply those criteria and model at the 
first stage of system design, generating a complete air flow and noise spectrum model based 
on required system parameters and cooling and hearing requirements. 
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APPENDIX 
The t Distribution [ 14] 
d.f. 
Confidence intervals 50% 80% 90% 95% 98% 99% 
One tail, a 0.25 0.10 0.05 0.025 0.01 0.005 
Two tails,a 0.50 0.20 0.10 0.05 0.02 0.01 
1 1.000 3.078 6.314 12.706 31.821 63.657 
2 .816 1.886 2.920 4.303 6.965 9.925 
3 .765 1.638 2.353 3.182 4.541 5.841 
4 .741 1.533 2.132 2.776 3.747 4.604 
5 .727 1.476 2.015 2.571 3.365 4.032 
6 .718 1.440 1.943 2.447 3.143 3.707 
7 .711 1.415 1.895 2.365 2.998 3.499 
8 .706 1.397 1.860 2.306 2.896 3.355 
9 .703 1.383 1.833 2.262 2.821 3.250 
10 .700 1.372 1.812 2.228 2.764 3.169 
11 .697 1.363 1.796 2.201 2.718 3.106 
12 .695 1.356 1.782 2.179 2.681 3.055 
13 .694 1.350 1.771 2.160 2.650 3.012 
14 .692 1.345 1.761 2.145 2.624 2.977 
15 .691 1.341 1.753 2.131 2.602 2.947 
16 .690 1.337 1.746 2.120 2.583 2.921 
17 .689 1.333 1.740 2.110 2.567 2.898 
18 .688 1.330 1.734 2.101 2.552 2.878 
19 .688 1.328 1.729 2.093 2.539 2.861 
20 .687 1.325 1.725 2.086 2.528 2.845 
21 .686 1.323 1.721 2.080 2.518 2.831 
22 .686 1.321 1.717 2.074 2.508 2.819 
23 .685 1.319 1.714 2.069 2.500 2.807 
24 .685 1.318 1.711 2.064 2.492 2.797 
25 .684 1.316 1.708 2.060 2.485 2.787 
26 .684 1.315 1.706 2.056 2.479 2.779 
27 .684 1.314 1.703 2.052 2.473 2.771 
28 .683 1.313 1.701 2.048 2.467 2.763 
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